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A B S T R A C T
The tensor polarization and differential cross
sections from the elastic scattering of low energy deuterons 
9 24 2 8by Be, Mg and Si nuclei have been measured.
The elastic scattering cross sections were obtained 
for energies between 5.0 MeV and 11.0 MeV and for angles 
between 15 deg. and 145 deg. (lab) in steps of 5.0 deg.
The spin tensor moments <T2q>' <T21> an<^  <T22> were measured
at averaged energies of 6.3 MeV and 7.0 MeV for angles 
between 15 deg. and 105 deg. (lab) in steps of 7.5 deg.
Theoretical analyses in terms of the optical model 
and the Hauser-Feshbach statistical theory with the width 
fluctuation factor have been performed. It was found that 
the central potential alone was sufficient to describe the 
elastic scattering cross section data. Inclusion of a 
spin-orbit interaction was inadequate to reproduce the 
tensor polarization data. The addition of a small, 
attractive and long-ranged T tensor potential, which did
I\
not appreciably affect the fits to the differential cross 
sections, gave better reproduction of the experimental 
tensor polarization than otherwise possible. Inclusion 
of a Tl tensor interaction appeared to be redundant.
(vii)
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C h a p t e r  1
G E N E R A L I N T R O D U C T I O N
(1 )
The development of particle accelerators had a 
prodigious influence on the progress of nuclear physics.
With present techniques it is possible to induce a variety 
of nuclear processes and discover from them phenomena of 
which nothing was previously known.
In 1932 the discovery of the neutron by Chadwick 
completed the knowledge of the basic constituents of the 
atomic nucleus. In order to investigate the forces found 
to exist within the atomic nucleus it is necessary to 
observe the results when projectile nuclei, accelerated 
to some specified energy, interact with the nuclei of a 
given target; outgoing products of the induced reactions 
may be detected by means of suitable devices. Desired 
quantities may be measured, their angular and energetic 
relationships established, and finally the results 
subjected to a theoretical study to determine the possible 
underlying operating mechanism.
Elastic scattering is the simplest reaction that 
deuterons can induce on a target nucleus. In such an 
interaction the deuterons lose no energy apart from the 
recoil energy given to the target. However, being a 
loosely bound entity, the internal structure of the deuteron 
cannot be neglected. Thus, even if the target nucleus is
(2)
treated as a single entity, the elastic scattering still 
effectively involves three particles. In addition, the 
center of mass of the deuteron does not coincide with its 
charge center, a fact which becomes more significant when 
the deuteron interacts with a heavy nucleus at a short 
distance; the Coulomb force between the proton and the 
nucleus tends to 'twist' and disrupt the deuteron (Fr 62,
Ni 58a, Ni 58b).
Deuterons are spin-1 particles, a fact giving rise 
to a wider concept of beam polarization. In addition to 
the usual vector or first rank polarization, a deuteron beam 
may possess the second rank or the tensor polarization 
(see chapter 2). Using a suitably chosen system of right- 
handed co-ordinate axes the deuteron beam can be completely 
specified by its intensity I, the vector polarization 
<iT^> and the three components <T2q>' <T21> anc^  <T22> 
the tensor polarization (La 55).
Consider now the elastic scattering of deuterons.
A deuteron beam travelling along the initial direction kQ 
interacts with the target nuclei and later emerges in the 
final direction k^, at an angle 0 to k . Assuming that the 
beam is in one of the eigenstates of the spin operator Sz
(3 )
with the z-axis along the direction k , the cross section 
for the spin transition to another eigenstate of Sz is 
given by (Ro 67, p.196, eq. 1.33):
(— > 2m__, 22 '4 Tlfl <4>f I T I 2 (1 .1)
The symbols used in the above formula are
|4>^ >, I$£> : the initial and final deuteron wave functions 
respectively,
T : the transition operator from the initial to 
the final spin state, 
h : Planck's constant and 
m : the reduced mass of the deuteron.
Since the incident and the scattered beams are 
considered at large distances, their spatial wave functions 
are represented by plane waves;
hence the functions | <f>^> and | <J>^> can be written as (Me 61) :
(2")
1
( 2 TT )
—  [exp(i kQ .r)] X
J/2 [exP (i ^d*-^ x
sm
sm
(1 .2)
2 2where k = (2mE/h ), E represents the center of mass energy
of the incident deuterons, k is the wave number and x isAsms
(4)
the deuteron spin wave function corresponding to the
magnetic quantum number mg taken along the z-axis. Using
the above notation, the experimentally observed differential
cross section of the elastic scattering when induced by
unpolarized deuterons (see chapter 2) will be the sum of
(§£■) . r over the magnetic quantum number m' (m1 = -1,0,1) qm i-*r s s
and averaged over mg . This fact makes the cross section 
rather insensitive to the presence of spin dependent 
interactions.
The transition operator T contains all the information 
on the interaction between the projectile and the target.
For a particular set of directions kQ and k^ a submatrix M 
can be formulated as follows:
< s  m s l M ( * o '  I s ms> 4 Trh2<]^ d s m T kI ~ Q m  > s (1.3)
where M is a 3 x 3 matrix. The physical scattering 
problem has now been essentially reduced to finding a 
mathematical mechanism that will give the required values 
for the elements of the scattering matrix M. The result 
of the elastic scattering will simply be described by 
certain combinations of the elements of M depending on the
initial state.
(5)
One model that can be used to describe the deuteron- 
nucleus system is called the 'generalized optical model'
(Ra 67); for the case of the elastic scattering this is 
a combination of the usual optical model potential (Ho 66) 
and the Hauser-Feshbach statistical theory (Wo 51, Ha 52). 
Essentially the nucleus is pictured as a cloudy crystal ball 
with a certain absorbing power (Fe 54, Sh 62). The 
incoming deuteron beam is partially absorbed, reflected and 
refracted; the absorbed flux is assumed to form a compound 
nucleus directly. The optical model handles the behaviour 
of the reflection and the refraction processes and also 
calculates the amount of the initial flux absorbed. Once 
the absorption takes place the subsequent processes are 
assumed to be describable by the Hauser-Feshbach theory.
In the present work the phenomenological optical 
model potential has been used to calculate the direct 
elastic scattering cross sections and the polarization of 
the directly scattered beam. The experimentally observed 
cross sections are assumed to be the incoherent sum of the 
direct elastic (or 'shape' elastic) and the compound nucleus 
elastic cross sections (see chapter 2). The corresponding 
values of the tensor components <T2q>, <T2 >^ and <T2 2 > an(^  
the deuteron vector polarization <iT^> are modified by the
(6)
presence of the unpolarized flux originating from the
deuteron emission by the compound nucleus.
To date there have been very few data on the deuteron
tensor polarization that have been analysed in terms of the
optical model (Co 68, Co 69, Sc 68, Sc 69, Be 63). In his
analysis of the tensor polarization data on 22 MeV
4 0deuterons scattered by Ca (Be 63), Raynal concluded that 
the tensor terms were absent in the optical model description 
of the process (Ra 63, Ra 64). However, Schwandt and 
Haeberli (Sc 68, Sc 69) obtained significant improvements 
to the fits of their tensor polarization data when, in 
addition to the usual spin-orbit coupling, small tensor 
terms were included; but unfortunately their data did not 
include the <T2j_> component, which was later found to be 
very sensitive to the presence of the tensor coupling (Co 
68, Co 69).
The first two complete sets of tensor polarization
data suitable for optical model analysis were reported from
this laboratory (Co 68, Co 69). The three deuteron spin
12 12tensor moments were measured for the C(d,d) C
scattering between 5.0 MeV and 7.0 MeV; similar measurements
16were also carried out for deuterons scattered by O at an 
average energy of 6.34 MeV. The subsequent optical model
(7)
analyses gave decisive evidence for the presence of 
non-negligible tensor terms.
The series of experiments reported in this thesis 
were undertaken in order to get more information on the 
tensor polarization of deuterons elastically scattered from 
light nuclei. Whenever necessary the relevant 
differential cross sections were measured also. Attempts 
have been made to analyze the present data using the 
optical model and the generalized optical model. This 
investigation was designed to shed more light on the 
nature of the tensor interaction in the deuteron-nucleus 
system.
C h a p t e r  2
T H E O R E T I C A L  A S P E C T S
C h a p t e r  2
T H E O R E T I C A L A S P E C T S
(8)
2.1 Introduction
The discovery of the splitting of a beam of silver 
atoms into two discrete beamlets when passed through an 
inhomogeneous magnetic field (Stern and Gerlach in 1921) 
brought a significant refinement to the existing theory of 
quantum mechanics. The experiment was hailed as a triumph 
for the quantum theory, a direct proof confirming the space 
quantization. However the theoretical explanation given 
according to the Sommerfeld-Lande theory, which regarded 
the spin s=k of the atom as due to the angular momentum of 
the core alone, led to a series of conceptual difficulties. 
The struggle in the search for a reasonable explanation 
was finally ended when Goutsmit and Uhlenbeck, basing their 
experiment on the work by Pauli (Ja 66), succeeded in giving 
a correct interpretation of the phenomenon by introducing, 
for the first time, the concept of the electron's spin 
angular momentum, the sole cause of the splitting of the 
silver atom beam.
The physical picture of the electron was radically 
changed from a structureless point mass to a spinning sphere, 
thus possessing a spin angular momentum quantum number s.
This intrinsic spin, however, had to be considered as an
(9)
essentially quantum mechanical property of the electron; 
viewed in terms of a classical rotation the rotational 
velocity of the surface of the electron had to be many times 
the velocity of light, thus violating the first principle 
of the theory of Relativity!
2.2 Basic concepts 
2.2.1 The density matrix
A convenient way of describing the spin condition 
of an ensemble of spin-s particles, which are usually 
encountered in the form of beams, is by the use of a 
Hermitean matrix p, commonly known as the density matrix 
(Ne 27). It can be used to represent any possible spin 
condition of the ensemble, and therefore is more versatile 
than the spin wave function (spin state-vector) |x>/ which 
is capable of describing pure states only.
2.2.1a Pure State
An ensemble of spin-s particles are said to be in a 
'pure state' or completely polarized when it can be 
represented by a spin state vector | x > • The state is 
identified by the coefficients a^ of the expansion of the 
state vector |x> into a complete set of eigenvectors |$ >
(10)
belonging to some operator in the 2s+l dimensional spin 
space,
n=s
I X* = Z a I* > ........... (2 •1)
n=-s
For the ease of physical understanding | ^> > are commonly
taken to be the eigenvectors of the operator Sz, the z-axis
being an arbitrary quantization axis. In this
representation each eigenvector | <j> > describes a particular
spin orientation in space and is identified by the magnetic
quantum number n (n=m = -s, -s+1,..., s-1, s) (see fig. 2.1).s
The corresponding density matrix of a pure state 
I x>j_ is defined as
pi = I X > i i < X  I ............  (2.2)
where ^<x| is the adjoint row vector to the state vector 
|x>^ . Using the above expansion a typical element of 
the matrix can be written as
(p . ) = (a (l) ) . (a (l) ) * ...........  (2.3)v Hi'mn m n
The following relations are readily established (Ka 65):
(i) The density matrix is Hermitean.
2(ii) The density matrix is idempotent (i.e.p^ = p^ ) 
if, and only if, the state is pure.
j ( z  quantization 
axis (a rb it)
Fig.2.1 : A visual description of the spatial 
orientation of the spin angular momentum vector 
corresponding to a spin-2 particle. Each 
orientation represents a spin eigenstate 
characterized by a magnetic quantum number ms
along an arbitrary quantization axis z.
(11)
(iii) The expectation value of any physical operator
The trace of the matrix is usually normalized to unity or 
to the intensity in the case of a beam of particles.
2.2.1b Mixed State
be in a 'mixed state'; this state is composed of an 
incoherent superposition of pure states which means that in 
order to calculate the probability of finding a certain 
experimental result with a system in the mixed state one 
must first calculate the probability for each of the pure 
states and then take an average, attributing to each of the 
pure states an assigned 'weight' (Fa 57). Mathematically 
the mean value <A> of the physical operator A in the state 
can be expressed as
<A> = Ep ^  <A> . = E trace(p.A) = trace ((Ep.)A)... (2.5)
i 1 i 1 i 1
The density matrix for the mixed state can, therefore,
be written as
A in the spin space may be obtained from
<A> = trace (p^A) = trace (Ap^) (2.4)
An ensemble which is not in a pure state is said to
(p )mn =  2P i (2 .6)
(12)
/ • \
where p are the statistical weights for the pure states
I X > i *
Case 1: If the ensemble average of the factors
( a ^ ) . ( a ^ ) *  is zero for all a 7* a and m n m / n
| a ^  |2 = | a ^  |2 for all m and n the system is
said to be 'completely unpolarized'; in this 
case the density matrix reduces to a unit matrix.
Case 2: When the mixed state is not completely unpolarized
then it is referred to as 'partially polarized'. 
If, by a certain choice of the z-axis, the matrix 
can be transformed into a diagonal matrix, then 
(Bu 63):
a) . The system is called 'polarized' if (p)_^ 7^ (p)^
for i f j.
b) . The system is called 'aligned' if (p).^ = (p)_^_^;
this is only possible for spins s>l.
2.2.2 Expansion of the density matrix in terms of 
measurable parameters
(13)
Since all physically significant quantities are 
contained in the elements of the density matrix, it would 
be convenient if it could be expanded in terms of a set of 
quantities which transform in an easy manner under co-ordinate 
rotation. Such quantities, called the 'tensor moments', 
were first introduced by Fano (Fa 52) and defined as
<T >: 1KQ (2s+l)^ V V / i \ s-m , I T l i t(-1) s <s s m' -m I KQ> <m |p|m >(2K+1) 2 m m' s s (2.7)
, <s K m Q mm' ss s
s m ' > <m s s P m ' > 1 s (2.8)
where 2s=>K_>0. The relevant symbols are
< ... I ...> : the Clebsch-Gordan coefficients involved and
<mg I p I m^> : the element of the density matrix p
corresponding to the row m and column m'.s s
From the definition the following relations can be deduced 
(We 63-p.l330, Sa 60):
(i) <tKq > = (“D • <tk_q > * for any value of K and Q,
2s>K>0 and Q = -K, ..., K (2.9)
T.i^:L) ^k q ’ r t kq v q ,dq ' q e ,y ^ <t kq ’ ' (2 .10)
where <T > is the rotated value of the spin tensor moment 
<T > and D , (a,ß,y) is the element of the rotation matrix
(14)
corresponding to the Euler angles a,3 and y. It is obvious 
that the total number of the tensor moments (sometimes also
2called 'tensor parameters' or 'tensor components') is (2s+l) ,
equal to the number of elements of the density matrix.
Hence the knowledge of all <T > provides completeKQ
information on the density matrix and thus the beam.
If the corresponding tensor operators T are definedKQ
as (Se 53, Go 58):
<m' I T I m > = (-1)S m s. — j- <s s m' -m | KQ>, (2.11)
s KQ • s (2K+1)^
then
<T, »,ZE, < m  m m  s s s T_,_ m ><m KQ 1 s s P m ' > H 1 s (2 .12)
trace (TRQp) = trace (ptKq )
Finally, using the relations (La 55)
(i) TKQ = (-)Q .T„ „ and .............  (2.13)
(ii) trace (TK Q T+,Q l ) = « K K ,-«Q Q ................. (2.14)
the Hermitean density matrix p may now be expanded in
terms of the tensor operators T , so thatr— t k q
P I
(2s + l) K Q
(2.15)
(15)
It is worth noting that, in general, the expectation values 
<T > of the tensor operators T are not real; however, 
the relation <T > = (-1)^ <T >* reduces the number of the
necessary real quantities defining the beam to those with 
Q >  0 .
2.3 Elastic scattering of spin-s particles
The final state \ x > f of an elastically scattered
beam of spin-s particles, initially described by a state
vector I x5* r can be written as 1 o
I X> f = M| x>0 ............  (2.16)
where the operator M represents all forces involved in the 
interaction and the directions of the incident and the 
outgoing beams are given by the unit vectors kQ and k^, 
respectively. Alternatively, if the initial state is 
symbolized by a density matrix pQ the final state is given 
by
Pf
JL
M P M o (2.17)
If a right-handed set of co-ordinate axes is chosen such
k x kthat the y-axis is along the unit vector n = ~ o ~ f and
1*0 x *fl
the z-axis is along kQ , then the following relations hold
(16)
(Si 53-eq . 3.2, We 63-eq. 141):
(i) <T >kq is real for even K ,
(ii) <T >KQ is imaginary for odd K and
(iii) <T >KO = 0 for odd K.
In the elastic scattering of deuterons the quantities <T > , 00 '
<iT > .11 ' <T >20 ' <T2l> and <T22" completely specify the
scattered beam. Conventionally ^iTll> ^s called the vector
polarization, <T2q > are comPonents of the tensor
polarization and <TQ0>represents the intensity of the 
scattered beam.
2.3.1 Elastic scattering of deuterons
The elastic scattering of deuterons involves a more 
complicated description than that of the spin-^ particles. 
With the use of the following axes of reference
k x k _ ~o ~d k - k ~ o ~d k + k , ~ o ~d
I'O x ^dl' - 1*0 “ *dl ' - 1*0 + *dl
the interaction matrix M may be expanded as (Ro 70)
(2.18)
M = a 1 + b S.n + c (S.K)2 + d (S.J)2, .....  (2.19)
where S stands for the spin operators S^, and Sz 
corresponding to a spin-1 particle (Sc 65-p.l46), 1 is a
(17)
3 x 3  unit matrix and kQ and denote the incoming and 
the scattered deuteron beam directions, respectively. 
Taking the z-axis along J and the y-axis along n, the 
matrix M can be written explicitly as 
a+^c+d -ib/^2 he
M = < ib//2 a+c -ib//2" ►
he ib//7 a+^c+d
N .....  (2.2(
A B c
IIa -B D B >
C -B A
Therefore there are, in general, eight real quantities
necessary to specify the matrix M. In principle, seven 
out of these can be determined, the last one being the 
overall phase factor for A, B, C and D. Experimentally 
attempts have been made to measure only five parameters;
these are ^  , <iT.^> r <T20> ' <T21> and <T22> * For a 
single scattering of an unpolarized deuteron beam the 
foregoing quantities are expressed as (Ro 70):
<T00>= gH. = I = (2 I AI 2 + 4 I BI 2 + 2 I C j 2 + I D I 2 ) , ..(2.21a)
(18)
<iTll> “ 1/6 • (dAB + dBC ' dBD>................ (2.21b)
<T20> = r T  • (IA |2 -|B |2 + I C| 2 - |D|2), .... (2.21c)
<T21> = 176 ’ (SAB " SBC " SBD> and ............ (2.21d)
<T22> = 173 • <SAC " lB|2) ............. (2.21e)
where dxy = x*.Y - Y*.X and Sxy = X*.Y + Y*.X
The theoretical limits for the vector and tensor 
polarizations are (La 55, Sa 60, Ro 70):
/3/2 < <iT11> < /3/2 ; - /2 < <T2Q> <—
/3 < <T > < /3
—  =  21 = ~
_ _  . (2 .22)
 ^ 3 f<T00>< /32 - 2 2  —
The measurement of <iT±1> can be made using a double 
scattering method, similar to the case of spin-^ particles. 
Methods to obtain the values of the tensor polarization 
parameters will be discussed in chapter 3.
2.4 A model for the elastic scattering of deuterons
A qualitative description of the 'generalized optical
(19)
model' for the case of elastic scatterings has been given 
in chapter 1. The directly scattered flux (also often 
referred to as the 'shape elastic' part), which is accounted 
for by the optical model, is assumed to be predominant; 
the outgoing compound elastic flux is added incoherently 
in the calculation of the theoretical cross sections and 
polarizations. Therefore, the total density matrix of the 
scattered particles produced from an elastic scattering of 
an initially unpolarized beam may be written as
P0M + (2 .2 3)
where PQM l 13 = and 1 (2 .2 4)
The symbol M refers to the scattering matrix calculated in
terms of the optical model, pq is the initial density matrix
of the beam and o stands for the Hauser-Feshbach compoundHr
nucleus contribution to the elastic scattering. The total 
elastic scattering cross section becomes
(gjf)T = trace (pT ) = trace (pQM) + trace (pRF)
°0M + aHF (2 .2 5)
The corresponding values of the tensor moments <T > areKü I
expressed as
(20)
<TKQ>T = trace(pT TKQ) / trace (PT )
= <T >KQ OM ' cT ............
because trace(T ) = 0 for all K and Q except for
2.4.1 Deuteron optical potential
(2.26)
K = Q = 0 .
The interaction between a deuteron and a target 
nucleus can be described pictorially by fig. 2.2. In the 
center of mass system the co-ordinates of the constituents 
of the deuteron are
P r - for the proton and (2.27)
r = r + ^x for the neutron, where r denotes the~n ~
position of the deuteron center of mass and x is the relative 
position of the neutron with respect to the proton.
Several points are immediately obvious:
(1) In principle the motion of the deuteron will only be 
separable into the internal and the center of mass 
motions when |r| is large, i.e.
^D = M r  , r ) ____ > <j> (r) . <j) (x) ...... (2.28)
~p r^oo
In the above expression ip represents the total wave 
function describing the motion of the proton and the
deuteron
Uno of action of tho
Coulomb foreo
/C .M  o f system
target nucleus
Fig.2.2 . A schematic diagram showing a deuteron- 
nucleus system. At short distance, the polarizing 
action of the Coulomb force on the deuteron 
and the deuteron internal structure gain 
greater importance.
(21)
neutron; <|> (r) and $ (x) are the wave functions
describing the motion of the deuteron center of 
mass and the deuteron internal motions respectively.
(2) The Coulomb force tends to rotate and disrupt the 
deuteron because the line of action of the force 
does not, in general, coincide with r.
(3) The internal structure of the deuteron gains increasing 
importance as the deuteron approaches the nucleus.
(4) Further complications arise when the target spin I 
and the internal structure of the target nucleus are 
taken into consideration. These may become important 
for light and deformed nuclei.
In the usual optical model calculations the 
internal structure of the deuteron, as well as the spin 
and the internal structure of the target nucleus, are 
neglected. Effects that could possibly arise from (2),
(3) and (4) are normally absorbed by appropriate adjustment 
of parameters. Under such conditions the Schroedinger 
wave equation for the deuteron motion in the center of mass 
system may be written as
[ + U <r >] * - ECM *' (2.29)
(2 2 )
where ECM is the center of mass energy of the incident
hdeuteron, p represents the momentum operator ^ V, y is~ l
the reduced mass of the deuteron and U(r) stands for all 
the interaction potentials between the deuteron and the 
nucleus.
It is clear from the equation that the potential 
U(r) determines the solution at any energy E . It would 
be worth while, therefore, to consider U(r) in more detail.
2.4.1a The central potential
The central part of the optical potential U (r) 
can be written as
U (r) = C - V.g(V) - i.W.f(W), ............  (2.30)
where C represents the Coulomb force exerted by the 
nuclear charge which is assumed to have a spherical shape 
of radius Rc
2
rc .A1/3, i.e.
[3/2 - h ( )2] for r<Rc
Ze
r for r> R,
(2.31)
The symbols used in the above expressions are
Uc (r) : the central potential,
(23)
V,W : the real and the imaginary strengths
of the potentials,
g(V) , f(W) : the corresponding form factors,
Z : the atomic number of the target nucleus
and
e : the elementary unit of charge.
For g(V) the Woods-Saxon form factor has been widely used; 
the same form factor, or its derivative for the imaginary 
part of the potential, has been reported to be successful
(Ho 66) .
In principle, however, to account for the 
possibility of deuteron disruption near the nuclear 
surface because of the Coulomb force, a form factor f (W) 
peaked predominantly in the region of the nuclear surface 
should be favoured. In the present work g(V) is taken 
to be of the Woods-Saxon type and f(W) its derivative, 
i. e .
g (V)
f (W)
________________ 1_______________
1 + exp [( r - ry A1/3 )/av ]
4. exp ( ( r - rw A 1/3 )/aw )
[1 + exp ( ( r - rw A 1/3 )/ayj )]2
(2.32)
(2.33)
where A is the atomic mass of the target nucleus, r^ and 
a. ( i = V ,W ) refer to the radius and diffuseness of the
(24)
potentials respectively,
Discrete and continuous ambiguities in the parameters 
of the central part are well known ( Ho 66 ). To resolve 
such ambiguities attempts have been made to derive the 
deuteron optical potential from those of the constituent 
nucleons ( Ro 65, Pe 67, B1 65 ). Generally it has been 
found that
VD i Vn + Vp (2.34)
which is in agreement with the rough prediction of Watanabe 
( Wa 58 ).
2.4.1b The spin-dependent interactions
The spin-dependent part of the potential can be 
formed from the permissible combinations of r, p, L and S. 
The requirement of the spatial invariance restricts U (r) 
to be a scalar operator. Furthermore, in order to 
preserve the invariance of the Hamiltonian under 
reflection (parity conservation), the spin-dependent terms 
containing r, p or both are limited to those combinations 
which have even parity. The time reversal invariance 
can no longer be imposed because non-elastic channels are 
open. However, to retain the symmetry property of the
(25)
scattering matrix, the complex part of U(r) has to be 
made anti-hermitean ( Sa 60 ).
Restricting the possible combinations of the 
above operators to quadratic terms, Satchler (Sa 60) 
showed that there are four types of admissible spin- 
dependent operators possible:
(i) the usual spin-orbit coupling : S.L (2.35a)
(S. r) 2
(ii) the Tp tensor interaction : — -- -
r
2/3 (2.35b)
(iii) the T tensor interaction:1j
(L.S)2 + h L.S - 2/3 L2 (2.35c)
(iv) the Tp tensor interaction:
(S.p)2 - 2/3 p2 ........... (2.35d)
To date only the spin-orbit coupling and the first 
two of the above tensors have been included in the computer 
codes; the reason for leaving out the Tp tensor is 
primarily to reduce the complexity of programming involved. 
Hence the spin dependent potential assumes the following 
form
US <r) = L.S + M h (R) Tr + Q h (L) Tl, (2.36)
where S, M and Q are the strengths of the interactions,
(26)
h. is the form factor for the tensor potentials and 3  ^ r.dr
denotes the usual Thomas form factor for the spin-orbit 
coupling.
2.4.2 The Hauser-Feshbach statistical theory
The statistical theory of nuclear reactions, which 
was developed by Wolfenstein (Wo 51), Hauser and Feshbach 
(Ha 52) and later known as the Hauser-Feshbach 
statistical theory, calculates under certain assumptions 
the cross section for nuclear reactions of the type
a + a ----> X* ----> b + 3 ...........  (2.37)
Fig. 2.3 gives a visual description of the process viewed 
in the center of mass system. The projectile a, with 
incident energy lying between E and E + aE, collides with 
a target nucleus a to form a compound nucleus X, thus 
populating the excited compound nuclear levels within 
the excitation energy E^ and Ec + AEc* After some time 
the compound nucleus emits a particle b emerging at angle 
9 with respect to the z-axis (see fig. 2.3), leaving the 
residual nucleus 3 at some level of excitation. The 
quantum numbers involved in the process are: 
s : the projectile spin, 
mg : the magnetic quantum number of s,
Fig.2.3 : A schematic diagram showing the form-
*ation of an excited compound nucleus X from a 
system (a,A) and its subsequent decay via the 
emission of a particle b, leaving a residual 
nucleus B. The process is viewed in the centre
of mass co-ordinates
(27)
1 : the orbital angular momentum of the projectile, 
m^ : the magnetic quantum number of 1,
I : the spin of the target nucleus, 
m : the magnetic quantum number of I,
JT: : the spin and parity of the excited level in the 
compound nucleus,
M : the magnetic quantum number of J and 
the primed symbols refer to similar quantities in the 
outgoing channel.
Experimentally, however, the most important quantum 
numbers are s and I for the incident and s', I' and tt ' 
for the outgoing channels. The other quantum numbers 
specify all the possible channels through which the 
reaction proceeds to form the final products b and 3.
Fig. 2.4 illustrates the formation of the compound nuclear 
stage (intermediate stage) via the channel identified by 
a set of quantum numbers (l,m^,m ,mj) and the subsequent 
decay of the compound nucleus via all possible channels 
(l',m,,,m ,,m ,) to the final state b and 3.
JL S JL
The Hauser-Feshbach statistical theory, which 
imposes the conservation of the quantum numbers J,M and 
tt by neglecting the possibility of y-ray decays of the
Fig,2.4 : An energy level diagram of the process 
shown in fig.2.3» Compound nuclear levels denoted 
by J71 are formed from the initial state (s,l) 
through the channels identified by (l,m ,mT,m ) 
and later decay to the final state (s’,1*) via 
channels ( 11 ,m „nip,m t ) •
(28)
compound nucleus, essentially states that all possible 
intermediate channels leading from the initial to the 
final stages, which are respectively identified by the 
quantum numbers (s,I) and (s',I'), are independent. In 
the channel spin representation this implies that the 
square of the modulus of the sum of the reaction 
amplitudes is equal to the sum of the squares of the 
individual moduli, i.e.
11 TYYY1' m . , j ' 1 m . J
Y'Y YYYY1' m . , j ' 1 m . J <b ß 1' J j
j' = I I '-s ' I,..., (I'+s' ) ; itk , = 
...,(Jtj ) j 1 — 0,1,...,oo j mj
(1+j) •
V 1 u 1
- I T -  1 2a a 1 J j m .> 1 = D •
V 1 U |
I T ’ * 1 2a a 1 J i m . > ,
J
-j' / • • • / j '
•n1tjII■—I•
-j/ •• • / j 7 J — 1 1 j | r • • • /
.......... (2.38)
where U is the collision matrix (Pr 62). Taking the 
z-axis along the direction of the incident particle gives 
m^=0, thus making M=rru . The sum over the parity tt is 
automatically done by the summation over 1; parity 
conservation restricts the sum over 1' to only odd or even 
values as indicated by the prime sign.
In order to achieve the above expression the following
(29)
assumptions are necessary (Wo 51, Ha 52):
(i) The decay of the compound nucleus is independent
of its formation (independent hypothesis of Bohr
(Bo 36)); the process can be thought of as
involving a large number of compound nucleus
levels within the excitation energy range Ec
and E + AE such that the phase relation between c c
the matrix elements of the transition to the 
compound states and those from the compound 
states are random. In such conditions the 
summation of the square of the moduli over 
1,1',J and tt are justified.
Experimentally these conditions are met by 
averaging the cross sections over a sufficiently 
large range Ae of the incident energies.
(ii) The initial system is completely unpolarized. 
Under this condition the interference terms 
involving M=irm will vanish. Similarly the 
interference terms between states having 
different values of j ' and m_. , will disappear 
when the summation over the outgoing spins is
taken.
(30)
Application of the Hauser-Feshbach statistical 
theory, therefore, reduces the expression for the cross 
section (Pr 62, eq. 16-36)
d“ = "Ufr, <21+1)^<ß . lul
1 I 2a 1 j m j >. Y^ , (0 , 4) I dft ............ (2.39)
to
Gajm . , 3j'm . , ( 0, 4) d^= ttX2 X! (21+1) | < . . | U | . . > x D D a 11'
m, , 9 ............ (2.40)
Y1T (6,4)) |Z
which, using the closure relation, further simplifies to 
°ajm., ßj'm. , (0, (j.) dSJ= ttX2 (21+1) |P |21 1 a H i  j mjm j I
x|ud , J 2 ............  (2.41)3l j , Oil j
where \ is the wave number of the incident beam, (a,a) a
(b, 3) ,
lPm m |2= I <1' j ' mi' n\. , IJ M> |2 I <1 j m m. |J M> | 2
j j ' J J
x |y17 (6,4) I
and U^,, . , , . = <3 J 1' j' I U I a J  1 j > .3l'j',alD M J 1 1 J
Summation over M is not performed because M is conserved;
(31)
in addition U131 'j '/alj is independent of M.
The cross section a (6,4>) dfi of the process
CX f D
initiated by an unpolarized system (a,a) can, therefore, 
be written as
a , ß ( , r ' dQ I2 s>ly ( 21+1) A(1 j i 11 3 ' ! 9 )
x a jmj , ß j 1 irm , (2.42)
where
A d  j I 1' j' I 8) =
Furthermore using the sum rule (Ha 52)
I > 1  j 0 m I J M?!2 = ilTT ............ (2.43)m
and integrating over the angles 6 and d> , the reaction 
cross section for the formation of (b,ß) from the initial 
system (a,a) becomes
aa
TT “h
(2S + 1 M 2 I  + 1)
Jll'jj'
(2 J+l) (2.44)
Therefore the total reaction cross section induced by the 
system (a,a) is given by the sum over all possible 
reaction products (b,ß), i.e.
(32)
aR
ttX 2a
(2s + 1) (21+1)
Jll'jj'3
(2 J+l) ! U g l , j , faij‘
(2.45)
Using the unitary property of the matrix , , .
ß i  3 / & J- j
(Pr 62, p.480) the expression for a is reduced to
aR
2
TT Äa
(2s+1) (21+1) (2 J+l) (1-:UJ 1 . ,.,2 )al3,al3
(2.46
where TJ . . = ( 1 - !uJ , .|2 ) is defined to be the otr 3 ai3
transmission coefficient for the formation of the compound 
nucleus level J from the system (a,a) in the channel spin 
j and moving with an orbital angular momentum 1 with 
respect to each other.
By replacing U by 1-U (Pr 62) the total elastic 
scattering cross section may be expressed as
ael =<ja , a
2
Tifta
(2s + l) (21+1)
J
(2J+l) 1 -
TJJ 2 ........ . (2.47)
a 1 j ,alj
Finally the application of the independent hypothesis and 
the reciprocity theorem (Ho 67a, Bl 52-p,528) reduces the
expression for the cross section a _ (9) toa , 3
a ß (9 ) a /ß
71
TTsTTTTTT+TT
(33)I
Jll'jj'
(21+1).A ( 1 j 0 )
a 1 j B 1' j 1i Yl" j
Y 1" j
where b and 3 are the time reversed states of the particles 
b and ß.
The transmission coefficient T*^ ,..... for the breakYl j
up or the formation of the compound nucleus via a system 
(c,y) is normally obtained from the appropriate optical 
model potential describing the elastic scattering of the 
projectile c from the target nucleus y. The optical 
potential is usually assumed to be independent of the 
state of excitation of the target.
The cross sections calculated using the theory are 
symmetric about the 90° angle (in the center of mass 
system). However marked anisotropy is possible when 
transitions involving large spin changes occur.
The actual calculation of a „ (0) requires knowledgea , 3
of the excitation energies, spins and parities of all 
energetically open channels. In cases where the number of 
levels involved are large, known level densities and 
average transmission coefficients may be used (Ho 67),
(34)
2,4.2a The width fluctuation correction
The width fluctuation correction arises from the 
fact that the independent hypothesis is not strictly 
correct. In order to incorporate this situation, the 
cross section a ß(0) derived previously is replaced by
the mean cross section < a _(0)> taken over alla, 3
resonances in the region covered by the energy spread of 
the incident beam. Therefore eq.2.48 is modified to
<öa,ß(0)>
11 * a
(2s+l) (21+1) I
Jll'jj
(21+1).A (1 j I 1' j 0)
Tu Tuall * ßl'j'I
yi" j
... (2.49)
Yl" j"
which alternatively can be expressed as (Ho 67)
2
<o (6)>a, 3
7TÄa
(2s + l) (21+1) (21+1) .A (1 j j 1' j ' 0)
Jll'jj
Tal3*T Bl,.i .' (say3)E Tyr'i"
Y 1" j "
(2.50)
(35)
where
< r >
r and r being the total decay width and the decay width 
via the system (a,a) of the compound nucleus, respectively.
Calculation of S 0, which is known as the widtha, 3'
fluctuation correction factor, requires knowledge of the 
distribution of levels in the compound nucleus, which may 
be obtained from the statistical model of nuclear excitations. 
The distribution most commonly used is that given by Porter 
and Thomas (Po 56)
P (x ) dx = — --- x 1 e dx ; x = ------, (2.52)• a- a ^£7 a a a < r >
a
where P(xa) gives the fluctuation of the level width
around its mean value <r > in a reaction channel (a,a) .a
The formula for S , based on the above distribution,a t 3
has been derived by Hodgson (Ho 67a).
The introduction of the width fluctuation correction 
factor reduces the cross sections in all reaction channels;
(36)
simultaneously the compound elastic cross section is
increased because S „ <1 for a # ß.a, $
2.4.2b The reduction factor R
The above derivation of a „ ( e )  assumes that alla t p
of the possible reaction products are the results of the 
particle decay of the excited compound nucleus. Direct 
reactions, however, are known to compete in all open 
channels. One practical and simple way to remove this 
direct portion from the compound nucleus contribution as 
calculated from the Hauser-Feshbach theory is by the 
introduction of the 'reduction factor' R so that
al j RJ . TJ . al J alj (2.53)
where TJ , . is the reduced transmission coefficient. alj
In the present work the reduction factor is assumed 
to be independent of J,1 and j. Its values are 
experimentally determined from the best-fit curves achieved 
by a combination of the optical model and the Hauser- 
Feshbach statistical theory.
At present the theoretical determination of R'al j
does not seem to be possible.
(37)
2.4.3 The generalized optical model
The 'generalized optical model for the elastic 
scattering' used in the present analysis consists of a 
combination of the optical model previously discussed and 
the Hauser-Feshbach theory.
The deuteron optical model potential is assumed 
to be the sum of Uc (r) and (r) (see eq.2.30 and 2.36).
The resulting second order differential equation is solved 
numerically to give the optical model cross section a ^  
and the polarization parameters <tKq^q m ’
No vector or tensor couplings are included in the 
calculation of the deuteron compound elastic cross sections.
2.5 Method of analysis
2.5.1 Computer codes
The program HAUSE-1 written by P.J. Dallimore was 
used to calculate the Hauser-Feshbach compound nucleus 
contributions. The program incorporates the width 
fluctuation correction and the level density formula as 
derived by Gilbert and Cameron (Gi 65).
The automatic search code JIB-3 by Perey was employed 
to find the first order parameters of the central potential.
(38)
Final calculation in which the S.L interaction and the 
tensor couplings were included was performed using a non­
search code MODEL, a modified version of the program DD 
written by B.A. Robson (Ro 67). The code handles three 
types of form factors, Gaussian, Thomas and the derivative 
of the Woods-Saxon, for the tensor potentials; further 
it optimizes the reduction factor R and finally types and 
plots the values of the theoretical as well as the 
experimental cross sections, vector polarization and 
tensor polarization.
2.5.2 Analysis procedure 
2.5.2a The elastic scattering
The theoretical differential cross sections 0 ^ ( 0 ) 
was assumed to be given by the sum of the reduced 
Hauser-Feshbach, Ra (0) , and the optical model n .. ( 0 ) ,nr O M
cross sections
Gt h ^  a0M^9' + R-Hp(6) (2.54)
The fits were optimized by minimizing the quantity
z‘
i=l
°exp(9i) ~Qt h (9i) 
A 0exp ^ 9i^
(2.55)
(39)
where is the number of the experimental data points of
the differential cross sections a (6.) measured atexp l
angles 0. and Aa (0.) is the error associated with a (0.).  ^ l exp l exp l
2.5.2b The tensor polarization
The experimental results for the tensor polarization 
were subjected to an analysis after a reasonably good fit 
to the elastic scattering cross section data has been 
obtained. The quality of fits to the whole body of data 
was examined both visually and by calculating the function
x2 Hr(v 2 + l0Vq  >.(2-56a)
where
N Na
To (ft • ) > - < T o (0 • )2q Pi' exp______2q i th
a<t _ (e .) >2q l exp
,(2.56b)
<T2 q (0i}>th 1  -
R^ H F (9i)
aexp(6i) <T2q (0 i}>OM
(2 ,56c)
is the number of the experimental points of the tensor 
polarization <T2 (0^)>ex measured at the angles 0^,
(40)
< T2q^ei^>th are t*ie theoretical predictions and
A< T„ (e . )> is the experimental error of the <T~ ( e - ) >2q l exp ^ 2q 1 exp.
The coefficient (1 - RaRF(6i)/aexp(0i)) originates
from the presence of the Hauser-Feshbach compound nucleus
contributions.
C h a p t e r  3
E X P E R I M E N T A L  A S P E C T S
(41)
3.1 Introduction
In the first part of the chapter a brief review of 
the feasible methods for measuring the spin polarization 
of deuterons will be given. It is hoped that such an 
account will show the advantage gained by the one currently 
employed over those to be described below.
The rest of the chapter describes the basic system 
and procedure common to all of the experiments reported 
in this thesis. Other details specific to each individual 
experiment will be given in the relevant chapter.
3.2 Measurement of deuteron spin polarization 
3.2.1 Methods of determining deuteron polarization
Various methods for measuring the deuteron spin 
polarization are possible. In general, they are more 
involved than those used for spin-^ particles.
One of the methods is somewhat similar to that of 
double-scattering experiments normally used to measure 
the polarization of the spin-^ particles. It consists 
of measuring asymmetries produced in the second scattering 
of the deuterons. If a right-handed frame of reference 
(xyz) is chosen to have the z-axis along the deuteron beam
(42)
and the y-axis perpendicular to the first scattering plane, 
the differential cross-section for the second scattering 
is given by the relation (La 55): 
a (6, <J)) = a (0) [ 1 + f (6) + g(e) cos<f> + h(e) cos 2(f)]
............ (3.1)
where a (6) is the differential cross section for the o
scattering of the unpolarized beam,
<j) is the angle between the two scattering planes,
f(0) " <T20>1* <T20>2 '
g(6) = 
and
<lTll>2 <T21>1 <T21>2 .......... (3.2)
h(e) = 2<T22>r <T22>2 ;
<lTll> ' <T20>' <T21> and <T22> are four quantities that
fully describe the spin orientation of the deuteron, the
suffixes 1 and 2 referring to the first and the second
scattering respectively.
Using the above relations the tensor components
<T20> and <T22> can be calculated from the measurement
of the a (0) and the cross section for the second o
scattering a (6 #<f>) at the four azimuthal angles <j> = 0,
3ttit / 2 r tt and - j —  • Introduction of a magnetic field between 
the first and the second scattering will separate the <t 2i> 
from the <iT^> component (Go 62, Hu 58, Bu 60). However,
(43)
the applicability of this is limited; generally strong 
magnetic fields are required to produce sufficient spin 
rotation.
Another method of measuring the spin polarization of 
deuterons scattered from light nuclei has been proposed by 
Philips (Ph 60). The procedure requires 3 double scattering 
experiments which involve, in addition to the usual double 
scatterings, using the target nucleus as the projectile.
This method could be applied, for instance, to d-a 
scattering.
The introduction of polarized ion sources enables 
the measurement of deuteron spin polarization to be 
performed with considerable ease. In this method the spin 
polarization of the outgoing deuterons is not directly 
measured. Instead, the incoming deuteron beam of known 
polarization (produced by the polarized ion source) is 
used to initiate the reaction and the differential cross 
section of the process, which depends on the polarization 
parameters of the polarized beam, is measured.
Normally the polarized deuterons are produced by 
ionization of polarized deuterium atoms in a homogeneous 
magnetic field. The spin density matrix describing the 
beam will be axially symmetric about the magnetic field
(44)
direction and is given by (Sc 68):
P ~  (< T > T3 1 10 10 +  < t , >  20 T ) 2 0 (3.3)
where the z-axis is along the symmetry axis,
and are the spin tensor operators in
spherical representation, and
<t ^q> and <T2 o> are their respective expectation 
values.
In this co-ordinate system only two real numbers 
are necessary to describe the beam polarization. The 
two numbers <t 2_q > and can determined with good
accuracy.
To get the polarization dependence of the elastic 
scattering, it is more convenient to describe the 
polarization of the incident beam in a right-handed co­
ordinate system attached to the scattering centre. The
z-axis is along the incident momentum direction k , the
k.Q x kd
y-axis is along the normal n = ----- , where k. is
l-o x -dl
the direction of the outgoing deuteron.
Denoting the orientation of the spin alignment by
a and 3, where a is the angle between < s> and kQ and
3 the angle between the y-axis and the projection of < s> onto
the xy-plane, the new beam polarization parameters <t >
kq
(45)
are given by (Sc 69, Ko 70, Gr 70):
< t. >kq = 5 ° q ' qq (0, a TT' 2 ß) <Tk q ’>
U10
tP-H1II (a ) < T i >ko e-i(3ß .... .......  (3.4)
where D .
q and d^ areq °q the matrix elements and the reduced
matrix elements of the rotation taking the spin frame 
(z along <s>) into the scattering frame (z along kQ ). 
Explicitly the expressions for <t^q> are (Sc 68):
<t10> <t > cos a
* 1 iß<t1]L> = - <t1_1> = -i <Tio>~7T s^in a^-e ...(3.5)
**20*
< t >zl
< t 22>
<t 2o> • h» (3 cos a - 1)
- < t > = -1 < t >2-1 20 • # (sin a) (cos a).e
iß
< t > = — < T >
* '2-2 20 4 -
, • 2 . -2iß (sin a).e
The differential cross section of any nuclear 
reaction or scattering induced by the polarized beam could 
be expressed in terms of the parameters <t^> in the 
reference frame xyz and the parameters <T^> referred to 
the frame XYZ. The reference frame XYZ corresponds to 
the inverse reaction, namely Z = -z and Y = -y. In this
(46)
case the differential cross section is given by (Sc 68):
2 k
0 (e) = °o (0) [1 + Re £ £  (-l)q <tkq> <Tkq> (0)]k—1 q =-k
= go (0) [1 + 2i <TU > Re(<it11>) + < T20><t20>
-2<T2i> Re (<t22>) + 2<T22> Re <^t22>^  (3.6)
where a (6) is the cross section when the incident beam o
is unpolarized.
Substituting eq.(3.5) into eq. (3.6) the following
relation is obtained:
a (6) = 0Q (e)[l + h <12 o> < T20> cos2a "" 1) + /J . <^10>*
<i T n > (sin a) (cos 3) + /6. <t2q> <T21> s^;*-n (cos a)
.(sin 3) <t20> <T22> s^in2 “)(cos 23)] .... (3.7)
Using eq.(3.7), in principle, all four deuteron spin 
polarization parameters can be determined from measurements 
made with different orientations (a,3) of the spin 
alignment axis. However, the <T2 >^ parameter is very 
sensitive to small errors in 3 and consequently extremely 
difficult to obtain. At present this seems to be a great 
disadvantage because the <T2 >^ component of the deuteron 
polarization appears to be the most sensitive of all three 
tensor parameters to the presence of the tensor terms in
(47)
the optical model description of the nuclear interaction 
(Co 69a, Co 69b, Sc 68).
A very convenient method of obtaining the deuteron
polarization parameters involves using the outgoing
deuterons to initiate a nuclear reaction and then carry
out measurements on one of the reaction products.
3 4Examples of such analyzing reactions are He (d,p) He,
■*"2C (d,p) ^ C  and T(d,n)^He (Ga 59, Go 59, Wi 61, Go 58,
Po 61). However the application of these analysing 
reactions is limited only to s-wave deuterons and it 
relies upon the assumption that the reaction proceeds 
through an isolated resonance.
3 43.2.2 Use of He(d,p) He analyser.
3 4The He(d,p) He reaction has been used throughout 
the present set of experiments to determine the tensor 
polarization of the elastically scattered deuterons. For 
the range of energies and angles involved it was found 
necessary to decrease the energy of the scattered deuterons 
down to an acceptable s-wave level which was approximately 
500 keV. This was accomplished by attaching mylar slowing
3foils of suitable thickness directly in front of the He 
cell. Based on Wolfenstein's calculation, which showed
(48)
that the slowing foil had a negligible effect on the 
polarization of protons (Wo 49), it was assumed that the 
deuteron polarization was not appreciably changed by the 
mylar foil.
The major contribution to the 430 keV resonance in 
the 2He(d,p)^He reaction comes from the J71 = ~ + level in
5Li (Bo 52, Ya 53, Ku 55, Po 58). The s-wave deuterons 
induce the emission of d-wave protons. The effect of
TT 1 -f-the J = j channel was estimated by McIntyre (Me 65),
using the results of Brown et al. (Br 66), and concluded
that the calculated values of the deuteron tensor
7T 3 +polarization, assuming a pure J = -j channel, could be
uniformly lowered by as much as 15% if a reaction energy
of 500 keV was used. Taking this effect into account the
general formula for the differential cross section of
3 4outgoing protons from the He(d,p) He reaction induced by 
s-wave polarized deuterons will take the form (Me 65,
We 63):
tf(0,ci>) = oQ (e) [1 - f { (3 COS2 6 - 1) <T20> - /3. (sine) . 
.(cos 0 ) (cos <J> ) <T2i_> + sin2 6. cos 2<J> <T22>^  (3.8)
where a (6) is the cross section if the reaction is o
induced by unpolarized deuterons.
(49)
Here <T^g> are the expected values of the tensor 
operators T^ ,
f is the correction factor due to the effect 
of the JT = j channel,
9 and <p are the center of mass reaction angle and 
azimuthal angle respectively* The azimuthal angle <j> is 
subtended by the y-axis of incident tensor moments 
(y = k X kj and the direction k, x k where k is the 
direction of the outgoing protons from the reaction.
The possible effects of p-wave contributions are 
expected to be negligible when the energy of the 
polarized deuterons, prior to initiating the ^He(d,p)^He, 
is reduced to approximately 500 keV (Me 65, Br 66) .
3.2.3 Experimental details
3.2.3a Experimental apparatus
A schematic diagram of the experimental set-up 
is shown in fig. 3.1. Further details of the apparatus 
can be seen from the horizontal and vertical sections shown 
in fig. 3.2 and fig. 3.3. A tantalum beam collimator, 0.5 
mm thick and 2.4 cm in diameter, was located 42 cm upstream 
from the target (upstream in the sense of the direction
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Fig.3.3 : A vertical cross section of the apparatus.
(50)
of the accelerated deuteron beam). An anti-scattering 
baffle of 3.2 mm diameter aperture was situated 32 cm 
closer to the target.
The mild steel scattering chamber of 10.5 cm
inside diameter and 21.0 cm internal height was rigidly
mounted on the lower table after being precisely
positioned by observation with a theodolite. The
chamber was insulated from the rotatable upper table to
3which the supports for the counters and the He cell were 
attached. The design enabled the gold normalization run 
to be carried out with fixed geometry. The interior was 
accessible either by removing the top lid or the bottom 
lid and the target assembly together. The deuterons 
scattered from the target emerged through a 20 mm high 
and 10 mm wide movable window attached to a thin steel 
sliding band which could be clamped tightly to the 
scattering chamber. The 6.3 ym havar* foil covering the 
window was sandwiched firmly between an outside steel 
disk defining the window and the window base with its 0 
ring. In this way the exit window could be positioned 
to an accuracy of 0.1°. The arrangement permitted
* obtained from Hamilton Watch Co., Lancaster, Pennsylvania,
U.S.A.
(51)
measurement up to 105° (lab).
3A He gas cell assembly was mounted on a steel 
stand accurately located on the rotating table by means 
of aligning pins. The design enabled all the detectors
3to face the centre of the He cell permanently. A 
rotatable frame arm, extending from the top centre of the 
scattering chamber and fitting accurately to the upper
3part of the stand for the He cell, added rigidity to 
the position of the cell with respect to the exit window. 
The 25.6 mm diameter and 100 ym thick hemispherical 
aluminium cell and the 6 ym havar foil were attached by 
means of a Dupont adhesive to both sides of the component 
to which the filling lead was attached. Other parts 
were made of steel (see figure caption). Tight clamping 
was achieved using the other two components as shown in 
fig. 3.4. To cure the adhesive the whole assembly was 
heated in an oven. In general, an operating pressure of 
5 atm., sufficient to stop 800 keV deuterons, could be 
used safely. The cell was capable of withstanding a 
negative pressure differential of 1.0 atm. This was a 
necessary feature because the cell must be evacuated 
prior to being filled.
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Six 2.5 cm x 2.5 cm area Csl scintillation crystals 
were used as proton detectors. The crystals were 
polished to a thickness of 1.6 mm; this was sufficient 
to stop the 16 MeV protons and reduce the neutron background 
to a minimum. Referring to a right-handed co-ordinate 
system with the z-axis along k^ and the y-axis along k^ x k^ 
the co-ordinates of the six detectors, using i (e , 4>) 
notation, are:
1(0°,0°), 2(52.55°,0), 3(52.55°,-90°), 4(52.55°,-180°),
5 (52.55°,-45°) and 6 (52.55°,-135°) where i is the 
detector number and (0,4>) are the polar and azimuthal 
angles of the detector respectively (see fig. 3.1).
The specific anglee = 52.55° was chosen because of its 
convenience in determining the tensor moments effectively 
(ec3* 3.8). The 6-detector method was considered better 
than the four-counter system previously used because the 
two extra detectors (5 and 6) served to increase the 
collection efficiency of the system as well as to check 
the consistency of relative counts received by detectors 
2 and 4. All crystals with polar angles e = 52.55° were 
equipped with 1.9 cm x 1.9 cm tantalum apertures and 
bonded with epoxy resin to 7 mm long Lucite light pipes 
which were similarly attached to 5 cm diameter Dumont 6292
(53)
photomultiplier tubes. Aluminium caps, provided with
aligning pins and covered with thin light tight foils,
allowed accurate positioning of the detectors by fitting
the pins into matching holes in the detector support.
Detector 1 consisted of an annular crystal with an inside
diameter of 5.1 cm and an outside diameter of 6.4 cm.
This arrangement precluded the detection of protons coming
directly from the target or being generated in the air 
14 15from the N(d,p) N reaction. The annular crystal 
subtended a polar angle of ±1.5° with respect to the centre 
of the ^He cell and had a mean polar angle of 16.9°.
Each square crystal subtended a polar angle of ±6.2°.
3.2.3b Experimental procedure
The deuteron beam emerging from the 90° analyzing 
magnet was collimated along the beam line and allowed to 
bombard the first target located in the scattering chamber. 
The actual deuteron bombarding energy was adjusted to give 
a desired value at the effective centre of the target.
In order to decrease the energy spread of the outgoing 
deuterons the foil targets were inclined at half the values 
of the angles measured. The scattered deuteron beam 
passed through the havar cover of the exit window set at
(54)
the appropriate angle and then was slowed down by a mylar
foil of suitable thickness to reduce its energy to an
acceptable level of approximately 500 keV. The mylar
foil was located directly behind the window in order to
minimize the proton background caused by the "^N (d, p)
reaction in the air. After passing through the slit
3attached in front of the He cell the decelerated beam
penetrated the havar foil at the entrance of the cell and 
3 4induced the He(d,p) He reaction. The outgoing protons 
with energy approximately 17 MeV in the laboratory system 
lost about 1 MeV of energy in their passage through the 
aluminium hemisphere and 9 cm of air.
The light scintillations produced inside the 
crystals as a result of the proton bombardment, in turn 
caused the emission of electrons from the photocathodes of 
the photomultipliers. The electron pulses were then fed 
through Franklin double-delay-line preamplifiers, amplified 
and routed into an analogue to digital converter; 
simultaneously they were accumulated in six groups, each 
of 64 channels, using an on-line IBM-1800 computer.
The schematic lay-out of the electronics involved is shown 
in fig. 3.5.
DETECTOR
PREAMPLIFIER
AMPLIFIER
BIAS AMPLIFIER
ROUTING BOXSUM AMPLIFIER
1800 COMPUTER
Fig.3«5 i A block diagram of the electronic 
equipments used in the tensor polarization
measurements
(5 5)
3.2.3c Data collection
Setting up of electronics was usually done using 
5.5 MeV deuterons scattered from a gold target at an 
angle 0 = 30 degrees (lab.). The scattered deuteron 
beam emerged from the scattering chamber, was decelerated 
by a mylar foil, 0.005" (128 micron) in thickness, and
finally came out with the correct energy to induce the
3 4 3 +He(d,p) He reaction at the peak of the 16.64 MeV j
5resonance in Li . The high count rate obtained by this 
method reduced the setting up time considerably.
Prior to each measurement, the appropriate 
thickness of mylar foil had to be empirically determined. 
Using the energy loss curve given by Whaling (Wh 58) a 
probable thickness of the slowing foil was calculated and 
then tested by measuring the proton yield as a function 
of the deuteron bombarding energy; the process requiring 
only one detector. The resulting resonance curve was 
normally broadened by the considerable spread of the 
deuteron energy due to the straggling of the beam in its 
passage before initiating the ^He(d,p)^He reaction. In 
addition, the excitation curve was modified by variation 
of the elastic scattering cross section with energy and
(56)
angle in the first target. These effects became more
apparent at large angles; in particular when light nuclei 
9(e.g. Be) were used as the first target. The bombarding
energy of the deuterons was determined from the proton 
resonance curve; its value was required to lie 
approximately at the 50% point on low energy side of the 
maximum yield. This condition was sufficient to prevent 
the capture of p-wave deuterons in the analysing reaction 
(Yo 65, Co 69). Adjustment of thickness of the slowing 
foil was done whenever the desired bombarding energy 
did not satisfy the approximate 50% criterion.
Having established the deuteron bombarding energy 
of about 5.35 MeV, the gold normalization run was started. 
Over 30,000 counts were collected in each detector.
Under the above conditions, the scattered deuterons were 
unpolarized and therefore no anisotropy should result in 
the proton distribution. A small anisotropy observed in 
the gold run (the order of 2%) was due to geometrical 
asymmetries of the apparatus and different responses of 
the detectors. However, using the procedure described 
previously, such an effect was cancelled in calculating 
the first order tensor moments of deuterons scattered by 
targets of interest.
(57)
For each reaction two types of runs were performed.
3Two or three separate runs using the He cell were first 
carried out until a total of about 1500 counts was obtained 
by each detector. The procedure was used to check the 
consistency of the results. Background was measured
3either by replacing the He cell with another containing
4He or by inserting a foil of sufficient thickness in front 
of the cell to stop the deuterons emerging from the target. 
The two methods gave equivalent results.
3.2.4 Data reduction
3.2.4a Calculation of the spin tensor moments <T2q> 
from counter yields.
The exact formula for the proton yield from any 
counter used in the experiment can be expressed as:
y (Ed) = nNiN2Dfdti .dt2 .dQ1 .dft2 . f---  1 .±\ ] Lab *
[d°l9? ^ . ? ))c .M - J(e2,E2) ............  (3.9)
where n is the number of bombarding particles,
ISh (i=l,2) is the number of target nuclei per unit
volume in the i target. The subscript
3i = 1 and 2 refers to the first and He 
targets, respectively,
(58)
E^ is the energy at which the deuterons induce
ththe reaction in the i target,
D is the detector efficiency of detection,
da(©1,E1)
[— Tjj----- ] ^ laboratory differential cross
sections of deuterons elastically scattered 
by the first target at a lab. angle and 
energy E^,
da(62,♦'e2)
J(82,E2)
dt.l
d« 1
d^ 2
_ is the center of mass differential cross C.M
3 4section of the He(d,p) He reaction at an 
energy E2,C.M polar angle and azimuthal 
angle <J>,
is the Jacobian for the transformation 
from the center of mass to the laboratory 
system,
is the differential element of thickness of 
target along a deuteron path, 
is the differential element of solid angle 
subtended from a point of origin of a
3scattered deuteron to the He cell, and
is the differential element of solid angle
subtended from a point of origin of a proton 
3in the He cell to the detector.
(59)
The integrations were performed over the effective
thickness of the first target, the effective volume of the 
3He cell (as defined by the slit) and the surface of the 
counter. The yield in each detector can be computed 
accurately from the following quantities: the differential
cross sections of both the elastic scattering and the 
^He(d,p)^He reaction; the stopping cross section of 
deuterons in the first and second targets; appropriate 
havar and mylar foil thicknesses; the exact dimensions 
of the experimental apparatus and the tensor moments <T2<^ >.
To extract the values of the tensor moments from 
measured yields Y(E^) using the above relation is an 
extremely difficult task. As a first approximation the 
variation of the integrand with respect to energy and 
angle over the finite geometry may be ignored and the 
integral sign dropped. The yield from any detector may 
now be written as:
YT = D ifi2 J(9) ...........  (3-10)
The ratio of the yield YT to a corresponding one obtained 
from the gold target can be expressed as:
^ r n  / ' 2  2  __R = A(K) .—  [1 + f { - j < T 20> ( 3  cos 6- 1) -/3<T2^>(sin e)
G _ (3.11)
.(cos 0) (cos <|>) + 3^ <T22> (cos 2<j))}]
(60)
where n and n are the number of deuterons entering theI Cjj
3He cell for the respective target and gold runs. A(K) 
is the asymmetry factor for each detector, K; it derives 
from the fact that the difference in point of origin of 
deuterons from the two types of target, actual and gold, 
causes a relative displacement of the effective centre
3of the He cell.
In this work the factor A(K) was assumed to be 
unity because such asymmetry was expected to be 
negligible (Yo 65).
Background corrections to the yield in each 
detector were performed using an on-line subtraction 
program which enabled manual adjustment of the background 
spectra. The six corrected yields YT were used to 
compute the first order tensor moments <T > . These 
ratios generate 6 equations involving 4 unknowns which 
are expressible in vector form as (Co 69):
R = B X ............  (3.12)
where B is a 4 x 6 matrix and the four unknowns are:
o n, ' X1 fXo<T2 0>
(3.13)
X„ — f X < T0-|> , X-j — f X < T 02 o 21 ' 3 o 2 2
(61)
To calculate the best-fit values of X it is necessary to
minimize the variance
£  (Ri-Rj"1)2 ........ (3.14)
i-o
where R . = > b..X,. b. . is the matrix element of thei .£-* l] ]' 1 1j_o J J J
matrix B and the superscript m denotes the measured 
quantity. The condition for minimization requires the 
partial derivatives of V with respect to X^ to vanish, 
i .e.:
3 V 
3 X = 0 , 3 = o , (3.15)
The resulting set of 4 equations can be written as:
5
BX = Z ; Z . = y  b . . R . m ............(3.16)3 13 lJ 1=0 J
Inversion of the matrix B gives the best fit values of X, 
which is symbolically represented by
X = r
B-1 being the inverse of matrix B.
(3.17)
3.2.4b Errors and corrections
The first order tensor moments derived previously 
assumed ideal conditions. Due to the finite geometry
(62)
it is possible for the deuterons to be scattered from
points other than the centre of the first target and later 
3 4induced the He(d,p) He reaction away from the cell 
centre before, finally, the protons produced in the (d,p) 
reaction are detected. The relative displacement of the
3effective centre of the He cell when interchanging actual 
and gold targets produces a source of spurious asymmetry 
in addition to that mentioned earlier concerning the 
point of origin of the deuterons; the displacement is 
caused by the different energy and intensity distributions
3of deuterons across the entrance slit of the He cell.
All the above sources of error were taken into 
account in the iterative procedure to obtain the final 
values of the tensor moments. Numerical integration of 
equation (3.9) was performed to calculate the relative 
yield using the first order values of the tensor moments. 
Corrections to the values of the tensor moments were 
applied until a satisfactory agreement between the 
calculated and the measured relative yields was achieved.
Statistical errors “<T2q> were calculated on the 
basis of the previous equations. A derivation was given 
by Cords (Co 69).
/
(63)
3.3 The elastic scattering cross section measurement 
3.3.1 Apparatus and techniques
The 51 cm diameter scattering chamber used in the 
measurement of the elastic scattering cross sections of 
deuterons has been described previously (Oh 64, Yo 65,
Br 67). The deuteron beam entered the chamber through 
an optically aligned collimating system. The scattered 
deuterons from the target were detected by means of 
silicon surface-barrier detectors of appropriate 
thicknesses. The angular resolution was less than 1°, 
while the error in the positioning of the detectors was 
estimated to be less than 0.2°. An array of four to six 
detectors was used and, in addition one extra detector, 
located at a fixed angle, served as a beam monitor. The 
charge was collected in a Faraday cup, using magnetic and 
electrostatic electron suppression, then integrated by 
an Elcor current integrator which was accurate to about 1%. 
The pulses from the solid state semi-conductor detectors 
were fed to Ortec pre-amplifiers and finally into the 
IBM-1800 on-line computer after passing through an 
electronic system similar to that used for the tensor 
polarization measurements.
(64)
3.3.2 Data reduction
The experimental data collected by the IBM-1800 
computer were first stored on magnetic disks and later, 
via an internal link program, transferred to magnetic 
tapes in the IBM-360 system for subsequent analysis.
Data reduction was performed using computer codes SKEWED 
(Me 62) and INCRED (Op 70), both based on the method of 
least squares fitting to the spectrum. Employing the 
programs it was possible to perform simple peak 
integration and separation of overlapping multiplets by 
fitting Gaussian curves with or without exponential tails. 
Linear, parabolic or exponential background option was 
available.
For a thin foil target the center of mass 
differential cross section can be expressed as (Br 67):
C.M.
= 2.66018 x 10 7 (g - ^ ) . (cos a).Y.x mb/sr
............  (3.18)
The symbols used are:
C.M.
: the center of mass differential cross
section in mb/sr.
(65)
Y : the laboratory yield of the reaction product.
J : the laboratory to center of mass transformation
function.
W : the mass of the target (in amu).
I : the charge of the incident particle.
C : the total charge collected (in UC ).
fi : the solid angle subtended by the detector (in
steradians).
2t : the thickness of the target in mg/cm .
a : the inclination angle of the vector normal to the
plane of the target with respect to the incoming 
beam.
t : the dead time correction factor.
3.3.3 Absolute cross sections and errors
For each accompanying target monitor yield, the 
quantity K defined by:
K Y ! TM'C (3.19)
was calculated, YTM being the target monitor yield. 
Variation in the values of K would indicate either the 
change in the calibration of the current integrator or in 
the effective thickness t of the target. In order to 
correct for such variation each yield was multiplied by
(66)
the averaged value of the above defined quantity which is 
expressible as:
I . K. C.
K = \ - - - - ........... (3.20)
where the index i represents one particular measurement.
The relative errors arose from the measurements 
made on the values of C, ß and Y. The dimensions of the 
slits defining the solid angle were measured using a 
travelling microscope. The errors found in such 
measurements were generally less than 0.5%. Errors in 
Y were calculated using the following definition:
% Error = ~ -- x 100% ...........  (3.21)
where YT is the total count including the background.
The absolute cross sections were finally calculated 
by measuring the target thickness or by normalizing the 
data at the corresponding energies and angles to those 
already measured elsewhere.
C h a p t e r  4
TENSOR POLARIZATION AND DIFFERENTIAL CROSS SECTIONS
FOR THE 9Be(d,d)9Be ELASTIC SCATTERING AT LOW ENERGIES
(67)
4.1 Introduction
The optical model of nuclear reactions, employing 
a central complex potential, has been successful in analyses 
of the differential cross sections for deuteron elastic 
scattering from various medium weight and heavy nuclei 
(Ho 66). In the light mass region the inclusion of a 
spin-orbit coupling appears to be necessary (Sa 66, Pe 66,
Ne 67); its parameters, however, cannot be determined 
properly by using the differential cross sections only.
A correct way of studying the spin-dependent forces in 
the deuteron-nucleus interaction is to observe the 
polarization of the deuterons (La 55) and a number of 
experiments carried out with this object in mind have 
been reported recently (Ra 63, Sc 68, Sc 69, Co 68, Co 69). 
The results indicate that, while the vector polarization 
can be well reproduced using the spin-orbit potential, 
the characteristics observed in the tensor moments require 
the addition of some tensor interaction (Sc 68, Sc 69,
Co 68, Co 69). Furthermore, it would appear that the 
<T21> comPonent is t i^e one most sensitive to the nature 
of the tensor forces (Co 68, Co 69).
In order to further study the spin-dependent 
interaction of deuterons with atomic nuclei, measurements
(68)
of the tensor polarization produced in the elastic
9scattering from Be were carried out. Beryllium was 
chosen as a target because of the possibility that the 
large polarization observed for carbon (Co 68) would also 
occur for other light nuclei.
4.2 Experiment
4.2.1 Differential cross section
The differential cross sections for the elastic
9scattering of deuterons were measured using a thin Be
2target (100 pg/cm ) evaporated onto a carbon backing.
Particles from the target were detected by four silicon
surface barrier detectors located in the 51 cm diameter
scattering chamber. Pulses from the detectors were routed
into the IBM-1800 data acquisition system. The interfering
12 13proton groups from the reaction C(d,p) C were separated 
from the elastically scattered deuterons by reducing the 
detector bias or by using the computer program SKEWED 
(see chapter 3) in the final calculation of the differential 
cross sections
Angular distributions were measured for energies 
between 5 MeV and 7 MeV in steps of 200 keV, and for angles 
between 30° and 150° (lab) in steps of 5°. Absolute
(69)
normalization was achieved by measuring, in addition, the 
angular distribution at 7.8 MeV and by comparing it 
with the results of Green and Parkinson (Gr 62). The 
estimated error of the absolute value of the differential 
cross section is ± 20%. The angular distributions and a 
few excitation functions are shown in figs. 4.1 and 4.2, 
respectively. The numerical values of the data points 
are listed in appendix A.
4.2.2 Tensor polarization
A deuteron beam from the A.N.U. tandem Van de
9Graaff accelerator was scattered by a Be foil of thickness 
24.6 mg/cm and, after being decelerated by appropriate
mylar foils to an energy of approximately 400 keV, was
used to initiate the reaction ^He(d,p)^He which served as
the tensor polarization analyser. The direction of the
deuterons before scattering was specified by the wave
vector k^ and after the scattering by k^. The experimental
method and the equipment have been described in detail in
chapter 3. The tensor moments <T0 > (La 55) are2q
associated with the right-handed system of co-ordinate
axes, with the z-axis along k^ and the y-axis in the
direction of k x k ,.~ o ~ d The measurements were carried out
of
 d
eu
te
ro
ns
 f
ro
m 
oe
 m
ea
su
re
d 
at
 i
nc
id
en
t 
en
er
gi
es
 b
et
we
en
 5
 M
eV
 a
nd
 7
 M
eV
.
60
ecm.54ß>#
I
J<8
0
20
J--- 1___ l i i I i i i i
ecmm92.74°.
8
6
4
2
0
10
8
6
4
2
0
H— I— I— I— I— I— I— h
3 .
J___ l___i i
5 0 5.4 5.8 6.2 6.6 7.0
Ed (MeV)
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for angles between 30° and 105° (lab) in the intervals of 
7.5°. The bombarding energy for each angle was adjusted 
to give a reaction energy of 6.3 MeV in the middle of the 
effective thickness of the target.
The average bombarding energy was found to be 6.57
MeV with a standard deviation aE. of 0.01 MeV. For eachb
scattering angle the reaction energy was calculated 
using the energy loss table (Wh 58, Wi 66). The average 
reaction energy was 6.30 MeV.
The greatest energy loss £max (see appendix B) of 
the deuterons after passage through half of the effective 
thickness of the target was 0.30 MeV (for 6 = 105°).
The corresponding error Ae^ due to the error At of the 
effective target thickness was estimated to be 0.03 MeV. 
Assuming a 10% error in the energy-range table, the error 
A£2 of the reaction energy was 0.03 MeV. From the above 
errors, the error AE^ of the reaction energy was found to 
be 0.04 MeV.
A sample set of proton spectra with the 
corresponding backgrounds obtained from the detectors is 
shown in fig. 4.3. The yield in each detector was 
corrected for background which was found to be approximately 
5% except for the detector 1 for which it was about 10%.
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Normalization to the yield was achieved using unpolarized
deuterons produced by the Coulomb scattering of 5.35 MeV
2deuterons from a 5 mg/cm gold target.
The first order tensor moments <T„ > were calculated2q
using the ratios of the net yields to those obtained from 
the gold target (see chapter 3). This procedure served, 
in addition, to eliminate any possible false geometrical 
asymmetry. Corrections due to the finite geometry, the 
effect of the target thickness and the possible spurious 
asymmetry arising from the relative displacement of the
3effective centre of the He cell were computed by numerical 
integration (Yo 65) and generally found to be less than 
0.035 in the case of <T2o> anc^  negligible in the case of 
<T2i> and ,'T2 2> * T*ie an<?les were set with an accuracy of 
0.1°. The final values of the deuteron tensor moments 
<T20>/ <T21> anc^  <T22> t i^eir statistical errors are
presented in table 4.1 and in fig. 4.6.
Table 4.1
The experimental values of the tensor moments <T
9 9A<T : of deuterons from the Be(d,d) Be elasticzq
n > ±2q exp
scattering.
(72)
eC.M <T >1 20 a 'T20’ <T21> A<T2T <T >1 22 A < t 2 2 >
(degr.)
27.38 -0.069 ±0.021 + 0.003 ±0.009 +0.003 ±0.014
36.38 -0.006 ±0.021 +0.014 ±0.009 +0.031 ±0.014
45.27 -0.026 ±0.030 +0.014 ±0.014 -0.025 ±0.020
54.04 +0.001 ±0.032 -0.001 ±0.014 -0.130 ±0.021
71.10 +0.020 ±0.026 +0.007 ±0.012 -0.162 ±0.017
79.35 + 0.029 ±0.023 -0.030 ±0.011 -0.152 ±0.016
87.39 -0.061 ±0.035 -0.052 ±0.016 -0.144 ±0.023
95.23 -0.033 ±0.030 -0.122 ±0.014 -0.031 ±0.020
102.84 -0.009 ±0.019 -0.120 ±0.009 +0.005 ±0.013
110.23 +0.018 ±0.026 -0.009 ±0.011 +0.024 ±0.017
117.39 +0.012 ±0.025 -0.018 ±0.0.11 -0.001 ±0.017
The deuteron reaction energy was 6.3 MeV. The tensor
polarization is referred to the co-ordinate system with
the z-axis in the direction k and y-axis in the direction
k x k .~ o ~d
4.3 Theoretical analysis
The analysis of the data was carried out using an 
optical model potential of the following form (see chapter 2):
(73)
U = Uc (r) + Ug(r) ; ............  (4.1)
only the Woods-Saxon derivative form factor was used for 
the tensor interaction potentials.
The calculated curves were corrected for the 
compound nucleus contributions, estimated by a Hauser- 
Feshbach calculation which included the width fluctuation 
factor (La 57).
4.3.1 The elastic scattering
In order to obtain the starting parameters for the 
analysis of the polarization data the averaged differential 
cross sections for the elastic scattering corresponding 
to the averaged energy of 6.3 MeV were analysed using 
the optical model potential containing the central and 
the spin-dependent parts only. The method of analysis 
was given in chapter 2.
A standard error of ±5% was used for all data 
points. The potentials (for particles other than 
deuterons) used in the Hauser-Feshbach calculation are
listed in table 4.2.
(74)
Table 4.2
The parameters (for particles other than deuterons) used 
in the Hauser-Feshbach calculation.
Particle (MeV) (fm) (fm) (MeV) (fm) (fm) Ref •
n 45.0 1.32 0.66 9.00 1.26 0.48 (Ho 66)
P 49.0 1.25 0.65 7.00 1.25 0.47 (Ho 66)
3 He 142.0 1.16 0.78 28.00 1.88 0.61 (Ea 67)
4 He 80.0 2.10 0.55 4.00 2.07 0.30 (Ca 64)
The parameters of the central part of the potential 
were first determined using a fixed value of the reduction 
factor R = 0.20 (Co 68, He 69, Po 69) and an automatic 
search code JIB-3 of Perey. Final adjustment of the 
parameters was accomplished by including the spin-orbit 
potential and by using a non-search optical model program 
DD of Robson (Ro 67). It was found that the differential 
cross sections were fairly insensitive to the spin-orbit 
interaction and a satisfactory fit was obtained using 
parameters which were close to the values employed in some
(75)
previous analyses (Sc 68, Co 68, Co 69). Owing to the 
strong VrJJ ambiguity observed in the present analysis it 
was decided to keep the radius rv fixed at an arbitrary 
value of 1.15 fm. The radius r for the Coulomb 
interaction was chosen to be 1.30 fm.
A calculated curve is compared with the experimental 
data in fig. 4.4. The deuteron optical model parameters 
optimizing the fits and the values of the reduction factor 
R are listed in table 4.3.
4.3.2 ' The tensor polarization
Following the analysis described in the preceding 
subsection the next step was an attempt to fit the averaged 
differential cross section and the tensor polarization 
data simultaneously by varying only the parameters of the 
spin-dependent parts of the optical potential; the 
central part was fixed at the value given by set a3 of 
table 4.3. The radius rc was fixed at the value of 1.3 fm 
and the reduction factor R was regarded as a free parameter. 
The factor R was determined by fitting the differential 
cross section and then used to calculate the corrections 
for the tensor polarization.
H.F. (R«0.2
Fig.4.4 : The differential cross sections for the ^Be(d,d)^Be 
elastic scattering at * 6.3 MeV. The solid line was calculated 
using the set of parameters <f3 of table 3 I the dotted line 
corresponds to the potential T2 of table 4. The reduced Hauser- 
Feshbach (H.F) distribution is represented by the dot-dash curve.
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Preliminary analysis indicated that contributions 
from various parts of the non-central potential entered 
approximately incoherently into the net result of the 
calculated polarization. Their importance, therefore, 
could be estimated by studying each part separately. 
Furthermore, it became clear that the three parameters, 
the depth, the radius and the diffuseness, of any non­
central part acted as one, i.e. the effect introduced by 
one parameter could be compensated for by changing the 
remaining two parameters. However, no further attempt 
was made to study the apparent strength-geometry ambiguity 
in the non-central potentials. Such a three dimensional 
study, using the present non-search computer code (Ro 67) 
would require a significantly large amount of computer 
time. Instead a simpler study, which is described below 
in some detail, was undertaken to understand the function 
of the various parameters of the non-central potentials 
in fitting the experimental data.
In this study the initial values for the tensor 
potentials were taken from ref. (Co 69) and the parameters 
for the S.L interaction from table 4.3. Values of a 
and a were kept fixed in all calculations at 0.6 fm and
1j
0.5 fm respectively. For fixed values of S, M and Q a
(78)
search to get the best combination of other parameters
was performed. It was observed that in order to minimize 
2the x for the <T„n> and the <T„„>, values of r0 > 0.9 fm Aq 20 22 S
appeared to be necessary. The final value of r = 1.8
O
2 2fm was chosen such that it minimized xQ and X2 anc^
maintained the fit to the cross section data. Similarly
a slight alteration of r , a_, and r , as compared with the
values used in ref. (Co 69), were dictated by the behaviour
of the <T2 i> component. The best combination of the
geometrical parameters was found to be : rg = 1.8 fm,
r = 2.0 fm, a = 0.5 fm and r = 1.5 fm. Using the R R
above parameters at their fixed values with a and ao JLi
unchanged the dependence of the theoretical tensor moments 
<T2q> on S' M anc* Q was ma^e and the results are presented 
in fig. 4.5. Similar results were obtained by fixing 
S, M or Q at their most appreciable values and by varying 
the radius or the diffuseness parameters instead of the 
depth of the potentials. Changing the signs of M or Q 
was tried and was found to result in reversing the sign 
of the calculated tensor polarizations.
The above calculations indicated that the <T2 ^> 
component is fairly insensitive to the S.L interaction, 
but depends strongly on a small admixture of the tensor
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forces. Tensor potentials T and T are capable of 
producing fits of similar quality to the <T2 ^> tensor 
moment. However, calculations for <T22 > indicate that 
T does not help to describe the data and that its
i.j
inclusion in the analysis is likely to be unnecessary.
In the final analysis, in which all potentials were 
combined together, an effort was made to optimize, in the 
first place, the spin-orbit^potential S and then add a 
small tensor interaction in an attempt to improve the 
fits. Throughout the calculations the geometrical 
parameters were kept fixed at the values : rg = 1.8 fm, 
ac = 0.6 fm, r = 2.0 fm, a = 0.5 fm, r = 1.4 fm and
a = 0.5 fm. An adjustment of the depth W of the imaginary
part of the central potential was also considered. The 
final results obtained using the potentials S.L, S.L and
T , and S.L, T and T added to the central part are given
in fig. 4.6 and the corresponding parameters are listed 
in table 4.4. An example of the calculated elastic 
scattering angular distribution is shown in fig. 4.4.
Although the theory has been unable to follow the polarization 
data it would appear that the best reproduction of the 
overall features of the measured angular dependence of the 
tensor moments can be achieved by using the central, S.L
-----(d) pot. T4
----- (e) pot. T5
------------(a) pot. Tl
----------- (b) pot. T2
—  — (c) pot. T3
120° 30°
F i g . 4 .6  : The expe r im en ta l  and th e  t h e o r e t i c a l  a n g u la r  dependence
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and T potentials. The use of both T and T is R K Li
unnecessary; if the small T potential used to calculate 
curve (c) of fig. 4.6 had been increased, the disagreement 
between the theoretical and the experimental results would 
have been more emphasized.
Table 4.4
The optical model parameters used in the analysis of the 
differential cross sections and the tensor polarization
for the ^Be (d, qd) yBe elastic scattering at E , = d 6.3 MeV.
Central Part
V rv av W rw anw
Set (MeV) (fm) (fm) (MeV) (fm) (fm)
Tl 102 1.15 0.724 10.0 1.719 0.600
T2 102 1.15 0.724 10.0 1.719 0.600
T3 130 1.15 0.724 10.0 1.719 0.600
T4 130 0.85 0.800 7.0 2.100 0.900
T5 130 0.85 0.800 7.0 2.000 0.900
(81)
Table 4.4 (continued)
Spin -dependent part
Set S
(MeV.fm^
r5
!) (fm)
aS
(fm)
M
(MeV)
rR
(fm)
aR
(fm)
Q
(Mev)
rL
(fm)
aL
(fm)
T1 20 00 1—1 0.6
T2 20 00 •—1 0.6 -1.5 2.0 0.5
T3 20 00 1—1 0.6 -1.5 o•CM 0.5 0.4 1.5 0.5
T4 12 0.9
T5 12 1—1 1—1 0.9 i o • 2.35 m•o
Goodness of fit
Set 2*a
2
X0
2
X1
2
X2
2X R
T1 12.15 9.77 8.87 29.23 14.19 0.20
T2 12.25 8.21 12.0 20.03 12.88 0.20
T3 11.36 9.69 17.36 16.54 13.06 0.20
T4 16.12 15.59 7.90 17.19 12.95 0.17
T5 14.65 4.85 6.50 14.92 11.48 0.19
Note: Underlined parameters were fixed during the final
search
(82)
To end the analysis a calculation was carried out in
which all optical model parameters were varied with one
2parameter being changed at a time, until the total x 
function was minimized. At first only the central and 
the S.L potentials were used. Having found the best set 
of parameters for them, the T interaction was then 
included and the calculation was continued. The final 
results are presented in fig. 4.6 and the two sets of 
parameters are given in table 4.4. Comparing the relevant 
lines in the left hand and the right hand sides of fig.
4.6 it is evident that the curves (a) and (d) are similar 
and so are curves (b) and (e); this supports the earlier 
conclusion that the variation of only one of the three 
parameters of each spin-dependent part of the optical 
potential was sufficient in the analysis of the present 
data.
4.4 Conclusion
The measured energy averaged cross sections of the
9 —elastically scattered deuterons from Be at = 6.3 MeV 
have been reproduced satisfactorily by the incoherent sum 
of the elastic cross sections calculated using the optical
(83)
model and the Hauser-Feshbach formalism. The reduction
factor R = 0.20 obtained in the present analysis of the
12 12data agrees well with those found for C(d,d) C (Co 68),
2^Na (p, p) ^ Na, ^^Na (p ,p ' ) ^ Na (He 69), ^Be(d,p)^°Be
and ^ B  (d, p) ^ B  (Po 70) reactions.
The measured angular dependence of the tensor
polarization <T2q> is different from the dependence for
other light nuclei (Co 68, Co 69). However, as in the
case of ^ 0  (d,d) (Co 69), the magnitude of <T9 > iszq
considerably smaller than that for carbon (Co 68).
12 12It would appear that the large values for the C(d,d) C 
scattering is peculiar to this target nucleus only.
From the analysis of the present results employing 
the optical model and the Hauser-Feshbach theory as 
discussed above, the following conclusions could be made. 
From curve (a) in fig. 4.5, it appears that, while the 
S.L interaction plays a strong role in <T2 q> an<^  <T22> 
prediction for <T2 p> grossly disagrees with the experimental 
result. The <T2p> component was found to be very sensitive 
to the presence of the tensor interaction. The addition 
of small tensor terms resulted in considerable improvement 
to the fit of <T2 i>* Similar to Cords et al. the TR
(84)
potential was found to be shallow, long-ranged and 
attractive, while T was repulsive. Thus for the
!j
type of optical potential used here the improved fit
to the <T component indicates the possible presence
of the tensor terms. The observed features of the
9 9deuteron tensor polarization for the Be(d,d) Be
scattering at of 6.3 MeV appear to be best reproduced
by using the central, the spin-orbit and the T tensorK.
potentials.
In the present analysis forces depending on the spin 
of the target nucleus were neglected. In principle these 
forces should be taken into account since the target nucleus 
is light and its spin is different from zero. Inclusion 
of the target-spin dependent forces would involve many 
possible couplings between the target spin I, the spin of 
deuteron S and the angular momentum L, all leading to a 
series of coupled differential equations (Ho 63). The 
solution of these equations would require extra computer 
time for each single calculation. On the other hand, 
inclusion of new parameters in the calculation is likely 
to make them meaningless from the physical point of view. 
Even with the present number of parameters one has to be 
extremely careful that the procedure does not become just a
(85)
mathematical fitting exercise. The point is that,
according to the first order perturbation theory (Ro 70),
neither I.S nor I.L force by itself can produce vector or
tensor polarization (Ro 70). The terms I.L and I.S
contribute via their interference with the tensor
distortion. In addition, the theory predicts that other
2forces which can also be constructed, such as (I.L) or 
(I.L) (S.L) do not contribute to the polarization. 
Furthermore, since the energy of the incident deuterons 
used in the present experiment was low, the strength of at 
least the I.L force is not expected to be large enough to 
introduce an appreciable deviation from the perturbation 
theory and to lead to a significant effect on the tensor 
polarization.
C h a p t e r  5
24 24TENSOR POLARIZATION OF DEUTERONS FROM THE Mg(d,d) Mg
ELASTIC SCATTERING AT 7.0 MEV.
(86)
5.1 Introduction
Due to the introduction of polarized ion sources 
increasing attention has been paid, in the last few years, 
to the study of deuteron polarization and to the use of 
polarized deuterons for inducing nuclear reactions. 
Measurements of <iT^>, <T20> anc^  <T22> •*iave keen simplified 
considerably by the use of polarized deuteron sources as 
compared with the conventional methods. However, the 
determination of the <T2]_> component is still difficult 
(see chapter 3).
Attempts have been made to determine the tensor 
potential using the measurement of the <t 2i> component, but 
analyses were found difficult to carry out because either 
the target nuclei were too light or the experimental points 
too dispersed.
3 4The main difficulty in using the He(d,p) He
reaction as an analyser is the neutron background which
depends upon the Q-value for the (d,n) reaction induced
in the first target. The very low Q-value for the 
24 25Mg(d,n) Al reaction resulted in considerably clearer
9proton spectra than those obtained from the Be target 
at the same energy and in improved accuracy for the 
experimental data points.
(87)
5.2 Experiment
5.2.1 Experimental details
The experimental techniques and equipment are
described in chapter 3. The magnesium foil target was
prepared by rolling a natural magnesium strip, which was
initially about 0.008 ins thick. The thickness of the
resulting foil was measured using a Mitutoyo micrometer,
accurate to 0.0001 ins, and was found to be (4.42±0.45)
2mg/cm or (420±46) keV for 7.0 MeV deuterons.
The measurement of the deuteron tensor polarization 
was carried out for angles between 15° and 90° (lab) in 
steps of 7.5°. The bombarding energy for each angle 
was adjusted to give a reaction energy of 7.0 MeV in the 
middle of the effective thickness of the target. 
Measurements for angles greater than 90° were not 
attempted since the elastic scattering cross sections were 
too low.
The time taken for each angle varied from two hours 
at small angles up to about 30 hours for the 90° point.
The consistency of runs was checked by dumping the spectra 
after each collection of a specified amount of charge.
This was particularly important for large angle
(88)
measurements where the collection time was long.
The deuteron bombarding energy in the measured
angular range varied from 7.21 MeV to 7.29 MeV. The
average bombarding energy was found to be 7.26 MeV with
a standard deviation AE, = 0.01 MeV. For eachb
scattering angle the reaction energy was calculated 
using the energy loss parameters given by Whaling (Wh 58). 
The average reaction energy E^ was 7.0 MeV.
The greatest energy loss emax of the deuterons after 
passage through half of the effective thickness of the 
target was 0.30 MeV (for 0 = 90°). The corresponding error 
Ae^ due to the error At of the effective target thickness 
was estimated to be 0.031 MeV. Assuming a 10% error in 
the deuteron range-energy table, the resulting error 
A££ of the reaction energy was 0.030 MeV. Combining the 
three errors gave the estimated value of 0.04 MeV to the 
total error AE^ of the reaction energy.
5.2.2 Result
A sample set of proton spectra, with corresponding 
backgrounds obtained from the detectors, is shown in fig. 
5.1. The yield in each detector was corrected for 
background, which was found to be less than 10%. First
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Fig.5.1 s A sample set of proton spectra from the ^He(d,p)Sle reaction 
induced by polarized deuterons from the Mg(d,d) Mg elastic scattering. 
The average incident energy of deuterons was 7»0 MeV} the scattering 
angle was 60° (lab).
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order tensor moments were calculated in the manner
described in chapter 3. Corrections due to the finite
geometry, the effect of the target thickness and the
possible spurious asymmetry arising from the relative
3displacement of the effective centre of the He cell were
computed by numerical integration (see chapter 3) and
generally found to be less than 0.030.
The final results, which include only the statistical
errors, are presented in fig. 5.2. Numerical values of the
data points are listed in table 5.1. The co-ordinate
system used here is the same as that in chapter 4.
It may be seen that the shape of the <T2p> angular
dependence is very similar to that obtained for the 
16 160(d,d) 0 elastic scattering with the characteristic dip
at small angles. The other two components are smoother 
than those for the ^0(d,d) “^ 0  case.
5.3 Theoretical analysis
Two types of analyses based on the optical model
and the generalized optical model were carried out. The
tensor polarization data were supported by including the
2 4 2 4differential cross sections of the Mg(d,d) Mg elastic
scattering measured at 7.0 MeV (Ma 58). The theoretical
(  i T j I  ) ( f o r 27A I ( d , d ) o l 7  0 M e V ) #
from Nuc Phys A 110(19btilSB S
SH-S'-----
SH-G:-----
SH-T------
F i g . 5*2 s The a n g u la r  dependence o f  th e  d e u te ro n  t e n s o r  p o l a r i z a t i o n  
24 / *24f o r  th e  Mg(d,d) Mg e l a s t i c  s c a t t e r i n g  measured a t  th e  energy o f  
7 .0  MeV i n  th e  e f f e c t i v e  c e n t r e  o f  th e  t a r g e t .  The cu rves  were 
c a l c u l a t e d  from th e  o p t i c a l  model p o t e n t i a l  o f  th e  same ty p e  as  in  
r e f . ( S c  68).  The fo l lo w in g  n o n - c e n t r a l  p o t e n t i a l s  have been added to  
th e  c e n t r a l  p a r t s  S.L o n ly  (cu rv e  in  s h o r t  dashes  (SH-S)),  S.L and 
T^ t e n s o r  w ith  th e  Thomas form f a c t o r  (cu rv e  in  f u l l  l i n e  (SH-T)), S.L 
and T^ t e n s o r  w ith  th e  G auss ian  shape (cu rve  in  long dashes  (SH-G)). 
Exper im en ta l  v a lu e s  o f  v e c t o r  p o l a r i z a t i o n  from A l(d ,d )A l  a t  7.0 MeV 
(Sc 68) were in c lu d ed  f o r  comparison.
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results of the vector polarization <iT > were compared 
with similar results obtained from the Al(d,d)Al elastic 
scattering at the same energy (Sc 68).
Table 5.1
The experimental values of the tensor polarization <T_ >2q exp
24 24of deuterons from the Mg(d,d) Mg elastic scattering
at E , = 7.0 MeV. d
0C.M. 
(degr.
AoCNV A<T20>
Ai—1CN
EhV
1
A<T2i> <T >22 A<t22>
16.24 +0.021 ±0.013 +0.016 ±0.006 +0.004 ±0.009
24.34 +0.024 ±0.016 -0.032 ±0.007 +0.000 ±0.011
32.40 +0.030 ±0.023 -0.079 ±0.010 -0.012 ±0.015
40.43 -0.037 ±0.022 -0.054 ±0.010 + 0.001 ±0.015
48.40 -0.070 ±0.025 -0.033 ±0.011 -0.017 ±0.016
56.32 +0.027 ±0.025 +0.001 ±0.011 +0.032 ±0.017
64.17 +0.040 ±0.029 +0.028 ±0.013 +0.057 ±0.019
70.94 -0.036 ±0.027 +0.018 ±0.012 +0.021 ±0.018
79.65 -0.057 ±0.029 +0.017 ±0.013 -0.049 ±0.019
87.26 -0.153 ±0.033 -0.086 ±0.015 -0.140 ±0.022
94.86 -0.282 ±0.035 -0.088 ±0.016 -0.176 ±0.023
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The optical model potential used was the sum of
Uc (r) and Ug (r) (see chapter 2, eq. 2.30 and 2.36) with
= 1.25 fm (Ma 66). In the present work the following
form factors were tried for h.(i):3
1. Woods-Saxon derivative (D):
hD (i) = " 4ai“df~ f1 + exP xi]_1 '
2. Thomas (T):
hT (i) = ~ r dr~ [1 + exp Xi^  _1
3. Gaussian (G):
hQ (i) = exp ( - x^ ) ,
1/3where x. = ( r - r.A ' )/a. ; i is R for T^ and L for T_l l ' l R L
potentials. Other details of the analysis, the definition
2of the x function used in checking the quality of fits and 
the notation used for the optical model parameters are 
given in chapter 2.
All calculations with the central part only were 
carried out using the JIB-3 automatic search program.
The spin-dependent parts were studied using the program DD.
The general procedure in all calculations was to 
fit firstly the differential cross sections using the central 
potential. Having obtained the preliminary parameters for
(92)
the central part, the non-central interaction was studied 
by including the polarization data and by adding the 
potentials S.L, T and T progressively.
5.3.1 Analysis with the optical model
The analysis in terms of the optical model, i.e. 
without the inclusion of the compound nucleus contributions, 
was performed in order to compare the present calculations 
with the results of Schwandt and Haeberli for the Al(d,d)Al 
elastic scattering at 7.0 MeV. As the present data include 
the <T^>component it would be interesting to see to what 
extent this additional experimental information might 
alter the potential derived previously.
Starting with the potential obtained by Schwandt 
and Haeberli and fixing r^ at the value of 1.05 fm (Sc 68,
Ma 66) in order to avoid the Vr^ ambiguity, a good fit 
to the differential cross sections at forward angles was 
achieved using a central potential with a slight change in 
the values of the parameters. It was thought that the 
fit at backward angles could be improved by the addition 
of spin-dependent interactions.
The tensor polarization data were then included and 
a systematic study of each parameter of the S.L interaction
(93)
was made. The parameters of the central part were also 
allowed to vary. The final result showed that the
2inclusion of an S.L. interaction with S = 25 MeV.fm , 
r = 0.75 fm and a = 0.40 fm considerably improved the 
fits to the differential cross sections at backward angles, 
although for 115°^ e <, 145° the theoretical curve was 
still slightly too low. The fits to the <T^q> and <T22> 
were unsatisfactory. The theoretical values for <T2p> 
were practically zero for 6 <,75°. Gross disagreement with 
the <T„,> was evident for small angles where the 
experimental data showed significantly larger negative 
values. The theoretical vector polarization curve in the 
present case was similar to that obtained by Schwandt and 
Haeberli for Al except for 6^110° where the theoretical 
predictions were higher.
The above results show that the addition of the S.L 
coupling alone is not able to produce the tensor polarization 
data, especially the <T2p> angular distribution. The 
inclusion of the tensor interactions appears, therefore, 
to be necessary.
As a further attempt to fit the data two types of 
calculations were carried out, both using the central 
potential obtained in the previous step.
(94)
In the first type, by keeping the values of rg and
ag at 0.75 fm and 0.40 fm respectively, the parameter S
was re-optimized after including the additional data of
the deuteron vector polarization from the Al(d,d)Al
elastic scattering. Calculations with T (Gaussian shape)K
and T (Thomas shape) were performed using the values 
obtained by Schwandt and Haeberli. All results are 
summarized in fig. 5.2. The corresponding final parameters 
optimizing the fits are listed in table 5.2.
It may be seen that whereas a satisfactory overall 
fit to <iT^> , <T20> anc^  <T22> ■'■S °kta:*-ned using the T^ 
tensor interaction with the Thomas shape, the data for 
<T21> cannot ke reproduced at all.
In the second type of calculation an attempt to fit 
the elastic scattering cross sections and the tensor 
polarization was made by carrying out a systematic search 
in a much wider range of parameters. Gaussian, Woods- 
Saxon derivative and Thomas form factors were tried for the 
tensor potentials. For this purpose T and T potentials 
were first studied separately. Some representative curves 
showing the effects of the variation of each of the 
parameter values for the three form factors of T and T are 
given in figs. 5.3a, 5.3b, 5.3c, and figs 5.4a, 5.4b and
T„ tensor stud) ■ W-S-D shape
Mm -  0.25 MeV
F i g . 5 . 3a * The dependence o f  < T ^ >  on 8eomet r i c a l  p a ram ete rs  of  
th e  Td t e n s o r  p o t e n t i a l  w ith  th e  d e r i v a t i v e  o f  th e  Woods-Saxon form 
f a c t o r  (M=»-0.25 MeV). The p ara m ete rs  f o r  th e  c e n t r a l  and th e  s p i n - o r b i t  
p o t e n t i a l s  were ta k e n  from th e  s e t  O.M-S.
Tu tensor study Gaussian shape
F i g . 5 . 3b : The dependence o f  < T ^ >  on th e  g eo m etr ic a l  p a ram ete rs  o f  
th e  Tn t e n s o r  p o t e n t i a l  w ith  th e  Gauss ian  form f a c t o r  (M=-0.35 MeV). 
The p ara m ete rs  f o r  th e  c e n t r a l  and th e  s p i n - o r b i t  p o t e n t i a l s  were
taken from th e s e t  O.M-S.
02
Fig.5.3c : The dependence of < T 2q>  on the geometrical parameters of 
^ensor potential with the Thomas form factor (M=-10.0 MeV).
The parameters for the central and the spin-orbit potentials were 
taken from the set O.M-S.
0.2
Fig. 5.4a : The dependence of <T,^> on the geometrical parameters of 
the T. tensor potential with the derivative of the Woods-Saxon form 
factor (Q=+5.0 MeV). The parameters for the central and the spin-orbit 
potentials were taken from the set O.M-S.
Tl tensor study Gaussian shape
F ig .5*4b s The dependence o f  >  on th e  g e o m e tr ic a l p a ram ete rs  o f
th e  te n s o r  p o te n t i a l  w ith  th e  G aussian  form f a c to r  (Q«+5.0MeV).
The p a ra m e te rs  f o r  th e  c e n t r a l  and th e  s p in - o r b i t  p o t e n t i a l s  were 
ta k e n  from th e  s e t  O.M-S.
02 _
Tl tensor study Thomas shape 
0 -  +5MeV.
F ig .5 .4 c  s The dependence o f  < T ^ >  on the geom etrica l parameters o f  
the T. ten so r  p o te n t ia l w ith  the Thomas form fa c to r  (Q=+5.0 MeV).
The param eters fo r  th e ce n tr a l and the sp in -o r b it  p o te n t ia ls  were 
taken from th e  s e t  O.M-S.
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fable 5-2
The parameters of the Schwandt-Haeberli type of the optical model potential 
optimizing the fits to the tensor polarization data for the Mg(d,d)Mg and the 
vector polarization data for the Al(d,d) elastic scattering at 7.0 MeV
Central
S.L TR
Shape Shape
V - 117.61 
SH-S ry » 1.05 
By ■ 0.923
W - 15.0 S - 15.0 
rw - 1.696 rg • 0.75 
a^ « 0.552 ag ■ 0.40
V - 117.61 W - 15.0 S - 15J) M • -5 '
rv - 1.05 rtf ■ 1.696 rg - 0.75 rR " 1.4
ay - 0.923 aK - 0.552 ag - (K40 “R ' 1.4
V - 117.61 W - 15.0 S - 1^0
SH-T ry - 1.05 1.696 rE - 0.75
%  " 0.923 \  “ 0.552 ag ■ 0.40
Q - 7.5
rL - 0.8 T
aL - 0.5
a) The depths V, W, M and Q are in MeV, S is in MeV.fm2 and the geometrical parameters are
in fm.
b) Re - real part, Im - imaginary part, Par - parameters.
c) The shape of the tensor potentials: G - Gaussian, T - Thomas.
d) Underlined parameters were fixed during the search.
e) For the purpose of comparison the relevant parameters of ref. for the spin dependent
interactions are: S ■ 18 MeV.fm2, rg - 0.75 fm, ag « 0.4 fm, M • -5.0 MeV, rR ■ 1.4 
fm, aR ■ 1.4 fm, Q ■ 5.0 MeV, r^ ■ 0.8 fm and a^ ■ 0.5 fm.
(96)
5.4c. Throughout the calculations the parameters of the
S.L potential were fixed at the values obtained in the
optimization of the fit for the cross sections and the
2tensor polarization only (i.e. S = 25 MeV.fm , r = 0.75
O
fm, a = 0.40 fm).O
The results indicated that the <T2 i> is only
component which was fairly sensitive to the shape of TR
or T interaction. It was found that no combination of
1 j
parameters for any form factor of T was able to fit the
J-J
<T21> ^ata* Best fits to the <T20> an(^  t*ie <T22> 
components were achieved using a strongly repulsive and 
short-ranged T tensor potential having the Thomas form 
factor. The values of the tensor potential parameters 
were Q = 7.5 MeV, rT = 0.8 fm and a = 0.40 fm.
•L  J-J
Calculation with the T tensor interaction indicatedR
that in order to get the best overall fit to all three
components of the tensor polarization it was necessary to
use values of the radius r and the diffuseness a whichR R
were considerably larger than those used by Schwandt and
Haeberli. For the Gaussian and Woods-Saxon derivative
form factors the T potential was found to be shallow andR 2attractive. The best fit to the <T2 i>' X sense,
was produced by the D form factor. In order to optimize
(97)
the fit for the Gaussian shape the value of a had to beR
set greater than that of r . An unusually deep attractive 
potential with M = -10 MeV was necessary for the fit 
employing the Thomas form factor.
Inclusion of the T interaction has only minimal 
influence upon the theoretical cross sections and the 
vector polarization. On the other hand, a small 
repulsive T potential gives an improvement in the fits 
to the differential cross sections.
As the last step in the calculation, a small 
repulsive T tensor with the D form factor was included in
J-J
addition to the T coupling which gave the best fit (D 
shape). The presence of the T potential lifts up the 
theoretical cross sections at backward angles, bringing 
them closer to the data. The fits'to the <T2Q> anc* the 
<^ 22> are sü^htly improved without significantly affecting 
the <T2j_> fit* The calculations are summarized in figs. 
5.5a and 5.5b with the corresponding potential parameters 
listed in table 5.3.
5.3.2 Analysis with the generalized optical model
It is well known that direct processes induced by 
low energy deuterons bombarding light target nuclei can be
( 9 8 )
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Fig-5.5b < The experimental and theoretical angular dependence of the
24 / \24. —tensor polarization for the Mg(d,d) Mg elastic scattering at -
7-0 MeV. The curves represent the best fits corresponding to the types
of potentials with values of their parameters given in table 3-3- Note
the difference between parameters of table 5-2 and 5-3 for the TR .
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influenced strongly by the compound nucleus formation.
It was, therefore, decided to extend the analysis described 
in the preceding section by including the compound nucleus 
contributions into the calculation. The procedure 
adopted here is the same as that used in chapter 4.
In the present experiment there are four types of 
particles that can be emitted by the compound nucleus: 
n, p, d and a. The transmission coefficients for these 
particles were calculated using the central optical potential 
parameters as listed in table 5.4. Information on states 
was taken from Endt and van der Leun (En 62). For those 
channels for which the spins were unknown assignments were 
estimated according to the Gilbert and Cameron formula.
In cases where the parities were unknown, equal probability 
was assigned to positive and negative parities.
The initial calculation for the compound elastic 
cross sections was made using the values of the deuteron 
optical model parameters as listed in table 5.3. The 
resulting values were multiplied by a reduction factor 
R = 0.30 and subtracted from the experimental cross sections. 
The remaining 'shape elastic' cross sections were subjected 
to a five-parameter search keeping r^ fixed at 1.05 fm.
(100)
Table 5>4
Optical model parameters for other particles used in the 
Hauser-Feshbach calculation.
Particle V
(MeV)
rv
(fm)
av
(fm)
W
(MeV)
rw
(fm)
a„W
(fm)
Ref.
P 50.7 1.25 0.650 6.33 1.25 0.470 (Pe 63a)
n 45.5 1.25 0.650 9.50 1.25 0.980 (Bj 58)
a 101.6 1.80 0.540 6.10 1.80 0.540 (Bo 69)
The analysis resulted in two sets of best-fit 
parameters corresponding to two discrete values of V.
Using these sets the Hauser-Feshbach calculation was 
repeated and the reduction factor was adjusted to get the 
best fit. The cycle was then repeated for both sets of 
parameters until satisfactory fits to the experimental 
cross sections were obtained.
Both sets of parameters produced equivalent fits. 
The results for the set corresponding to V<100 MeV are 
shown in fig. 5.6a. One observes that very good fits were 
achieved without a spin-orbit interaction.
A procedure similar to that employed in subsection 
5.3.1 was then followed to obtain the best overall fits to
10000 T T
Fig.5.6a j The experimental differential cross sections for the 
24 / \24Mg(d,d) Mg elastic scattering at 7-0 MeV. The curves represent the 
theoretical best fits using the set of potentials given in table 5.4a. 
The curve showing the Hauser-Feshbach compound nucleus contributions 
(H.F curve) corresponds to the fit using the central potential alone.
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both the experimental differential cross sections and the 
tensor polarization. Attempts were made to fit the 
experimental results by progressively adding the spin- 
orbit and tensor interactions. The results of the 
analyses are summarized in figs. 5.6b and 5.6c and in 
tables 5.5a and 5.5b.
An inclusion of the S.L coupling gave the right 
trend for the <iT^> and the <T2 q> comPonents • However, 
the theoretical values of the <T2 i> tensor moment are zero 
or negligible for all angles in the range of interest.
The fit to the differential cross sections is worse than 
that produced by the central potentials.
An addition of T interaction did not significantly
change the theoretical values of the cross sections and the
vector polarization, but the overall tensor polarization
fit was improved. As in subsection 5.3.1 a small value
of the attractive T potential together with large
values for r and a were needed to give a satisfactory fit R R
to the <T2 i> data at small angles.
The set of parameters corresponding to V = 128 MeV 
produced fits which were much inferior to those obtained by 
the set with V = 73 MeV, particularly for the <T2 i> comPonent*
Fig.5«6b : The experimental and the theoretical angular dependence of the 
tensor polarization <T > for the ^4Mg(dt d) “^ Mg elastic scattering at 
- 7.0 MeV. Best fit curves were calculated using the optical model 
with the Hauser-Feshbach correction. The curves represent the fits using 
the sets of potentials given in table 5.5»«
I 4 /)
F ig .5*6c j The b est f i t  for  th e ten so r  p o la r iz a t io n  <T2  ^
u sing th e  o p tic a l model param eters l i s t e d  in  ta b le  5 .5b .
obtained
( 102)
cdm
m
a
iH
u
3
* §
£  ?
Z  "
s
x
V
£
«2
I
s
•H
s
10
V)
lu
«
•H
I
<4H
1 I
1 13
M ♦-*
I  8*66a .s
* 3
1  ■
u *
i  ^
to
•H  N
<d
s 1  
t) > 
2
CM Oi
CM
£
O
N
lw°
3
M
f
2
N
«S
%T
« 5
3 oo mCM 3
d d 2 o H o
3 § tc Olin $i d d rsi■* to to *
00
>o Jo m00i
m d o d d
a 00 s a
rj
d 00 00 d d
3 s
00 tom 00
d to K> to to -
H JO JO JO
a
H
d d d d d d
§  §
d  d
tf* «T3
!
• • Q O Q
c* 8 o » 8
Pa
r
• •
o
> 
2.
5
. 
2.
0 dH
■ 
2.
5
. 
2.
0 di
. 
2.
5
■ 
2.
5 di
■ 
2.
5
■ 
2.
0
X J* X J* X J*
O a s ° 1C 5 8 9 a © 5 a ° lJ l CM d d « d d Ä d d « d d a d d |
to»
</> ’ J'* </> J* m ’ Jt m j ' <0
oi moo vo o• m m £m
m
g O fCm
m
g o
8m
m
g o
m
m
mNOm o
m
m
m
g
■ N • d  r”H - d
H
- d
H d rH - d - d d
jj *  m*  * M»* j- J x** j * * M* «r
8u CM O  00 CMo» m m oi• © o> go
oo
* a go
oo
s
CMOl go
00
S a go
00
* a go
00NOOl
£
CM CMh  h  o  K - d a - d
CM1^ - d pi H d
CMI** d d
>  f 6 > Xs* «P X5* ^ xs* s 0 xS• ^ xs* «p-
4-* to H « 8I
o £ i £ i l
04
in
Se
e 
fo
ot
no
te
 
• 
• 
• 
* 
un
de
r 
ta
bl
<
T
ab
li
( 1 0 3 )
u
'S
»2
*  s  
2  s
UT3 0)
•H
I
<0
10 
<0
s
o
13
•H
c
8  
<1)
4-1 4m 
•H 73
73 %
S 'S
E0
■50
£V)
Dtu
</>
1
X
«0
73
D  / - s
73 *
. 5  «B
X  o
U  i n
•H  O  
*  rH
H M 
£  • ?  
73
3
•H
8 -
c
•§
>
£
O
N
luT
3
00
.5
8
♦ j
8
(N ^
CSN
§ •
£
h "3
!•
J J CM
in s
00
v£>
d 00 on o
r o
m -
1 i n d d
** r o CM
o 2 2
i n
2 CM
s §
JO
rH rH 00
f j I J m
r o
o>
00
d CM* CM
J o
vO
2 00
d d d d
i i , o
E» S• IOin
CM rH
m*  d*
om oo o  oo
rH O
II II
?  <r
©  d
ii ii
m
r o
m
r o
,
d
m
CM
o
CM
©
i n
CM
O
CM
ii II II ii II II
X ♦ f ‘  ^  *
^0
J *
i n © o
•
i n o o i n o l
d d
m
CM d d
i n
CM d d |
N ii II N ii ii ii ii
» ? ’  j f °  cn
^0
0 j - cn
^0
0 <3°
o
2 s
o CM
3
o CM I
nO
r 4
i n
d
d
NO in
d
S m l
o l
M ii H II N H ii ii
Ma f  * » ? « ? u d *
s
o
s00
o>
NO
s
o
s00
ON
NO
N
3
O
s
00
rH d
CM
rH d
CM
rH d
II ii II II ii II H ii
« f > ? n f”  > » ? r f *
fo
ot
no
te
 
* 
9 
9 
' 
un
de
r 
ta
bl
i
(104)
Calculations carried out with the various types
of the form factors h.(R) for the T tensor potential and
3 K
with the depth of the real part V = 73 MeV indicated that
only the fits to the <T > component were substantially
different for the various shapes. The best overall fit,
2in the x sense, was obtained for the Woods-Saxon 
derivative form factor. This fit was better than the one 
calculated without the inclusion of the Hauser-Feshbach 
compound nucleus contributions.
The addition of a small repulsive T potential was 
tried for both discrete values of V and resulted mainly in 
improving the fit to the differential cross sections.
The effect of the inclusion of the T tensor potential on
i - J
the theoretical values of the tensor moments <T~ > is2q
illustrated in fig. 5.7.
5.4 Conclusion
From the optical model analysis of the cross 
sections it appears that the inclusion of the S.L 
interaction is not necessary to fit the data. Good fits 
were obtained using the central potential alone after 
allowing for the compound nucleus contributions. However, 
the differential cross sections used in the present analysis
Effect o f  Tl addition to  Tn (Dem. - shape)
M *-0.35 MeV, aH-totm
Tl parameter» /
0 " 1 0 4UV, rL "O.Bfm, o^"0 .4 fm
F ig .5 .7  * The e f f e c t  o f  th e  in c lu s io n  o f  a sm all re p u ls iv e  ten so r  term
, in  a d d itio n  to  th e T p o te n t ia l ,  upon th e th e o r e t ic a l  v a lu es  o f  the  
R
deuteron sp in  ten so r  moments ^ T ^ ^ >  . The o p t ic a l  model param eters fo r  
the c e n tr a l,  S.L and Tn p o te n t ia ls  correspond to  the s e t  THF-DD1.
^  ^  it
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were measured at a fixed energy of 7.0 MeV with a target
2thickness of 1 mg/cm . In principle the elastic 
scattering cross sections should have, at least, been 
averaged over an energy range corresponding to the 
thickness of the target used in the measurement of the tensor 
polarization. Some deviations from the presently deduced 
parameters could result if an energy averaged angular 
distribution was used in the analysis.
The inclusion of a spin-orbit potential alone was 
found to be inadequate in reproducing the whole body of 
data. In particular the theoretical values for the <T2]_> 
were always close to or practically zero for all angles of 
interest.
An addition of T interaction significantly
improved the quality of fits to the tensor components of
the polarization. Similar to the previous analyses
(Co 68, Co 69) a small (shallow) attractive T potential
with large r and a was needed to fit the data. This r R R
potential was substantially different from the one derived
27for the low energy scattering of deuterons from Al 
nuclei (Sc 68).
In principle, since the magnesium nuclei are 
strongly deformed, calculation involving, for instance,
(106)
coupled channel equations should be carried out in order
to see whether the deformation effects are significant.
A study of the dependence of fits on the shape of
the tensor interaction T was made and the derivative ofR
the Woods-Saxon form factor was found to be favoured. 
Furthermore, the improvement of the overall fit was 
enhanced when the potential corresponding to the discrete 
value of V = 73 MeV was used and the compound nucleus 
contributions was taken into account.
The inclusion of the T interaction appears to 
be redundant; a small repulsive T potential peaked well 
inside the nuclear surface resulted only in some improvement 
to the fit of the differential cross sections without 
significantly affecting the theoretical values of the tensor 
polarization.
C h a p t e r  6
TENSOR POLARIZATION AND DIFFERENTIAL CROSS SECTIONS FOR
THE ELASTIC SCATTERING OF DEUTERONS BY 28Si AT LOW ENERGIES
(107)
6.1 Introduction
In the experiment described in chapter 5 and in
similar work done by other authors (Co 68, Co 69) it was
found that the significantly large absolute values of the
<T21> tensor moment could not be accounted for by the S.L
and central potentials alone, and it was necessary to
include tensor terms in the optical model description of
the data. Furthermore, for the assumed form factor, the
necessary T tensor potential was found to be shallow,
attractive and long-ranged.
The 2^Si(d,d)2^Si experiment described in this
chapter was undertaken to provide more information for the
study of the interactions present in the deuteron-nucleus
system in general, and the spin-dependent forces in
particular. It was of interest to see whether the
characteristics of the tensor polarization observed in
the elastic scattering of deuterons by ^0, "^2C and 24Mg
2 8 2 8nuclei (Co 68, Co 69) also appeared in the Si(d,d) Si
elastic scattering at an approximately similar energy.
Angular distributions for the elastic scattering 
2 8of deuterons by Si nuclei were obtained for energies 
between 7.0 MeV and 11.0 MeV in steps of 1.0 MeV. The
(108)
deuteron spin tensor moments <T2o>/ <T21> anc^  <T22> were 
measured at an averaged reaction energy of 7.0 MeV 
for angles between 15° and 90° (lab) in steps of 7.5°.
The experimental data were analyzed in terms of the 
optical model and the generalized optical model and included 
the T tensor interaction.
I\
6.2 Experimental procedure and results 
6.2.1 Elastic scattering cross sections 
6.2.1a Target preparation
Some glass slides were first cleaned by an
*ultra-sonic cleaner in a 25% solution of R.B.S.25 and 
distilled water, rinsed in distilled water, immersed in 
a 10% R.B.S.25 solution and finally allowed to dry.
The silicon evaporation was accomplished using a
4-Varian-e-gun ; the glass slides were mounted 8 cm away 
from the natural silicon pellets located in a small 
'dimple' in a water-cooled crucible. This distance was
Glass cleaning detergent, manufactured by "Chemical 
Products R. Borghgraef", BELGIUM.
 ^Manufactured by Vacuum Products Division, Varian 
Associates, Palo Alto, Calif., U.S.A.
(109)
found to be quite critical; the slides tended to crack
and an uneven distribution of deposit resulted for
distances less than 8 cm. On the other hand, with
greater distances, a considerably longer time was necessary
to obtain a deposit of sufficient thickness; in addition
it was found that the resulting deposit did not float off
as readily and tended to break up. The radiant heating
of the substrate by the material itself seems to play an
important part in the formation of a satisfactory deposit.
Any attempt to speed up the evaporation process
resulted in damage to the material already deposited.
The best method was a slow heating up to the melting point
of the silicon (1420° C) directly followed by a slow
continuous evaporation, the deposit forming at the rate 
2of 10-15 ng/cm per hour. The temperature was measured 
using a Leeds and Northrup optical pyrometer.
6.2.1b Target thickness measurement
The thickness of the thin self-supporting silicon 
target used in this experiment was calculated from the 
measurement of the elastic scattering cross sections of low 
energy alpha particles. Alpha particle beams of 4.0 MeV 
and 5.0 MeV incident energies were scattered by the target
(110)
positioned normal to the incoming beam direction. The
angular distributions of the yields were obtained for
angles between 15° and 70° (lab) in steps of 5°. The
incident energies of the alpha particles were a few MeV
below the Coulomb barrier and, therefore, the elastic
scattering at forward angles was expected to be described
by the Rutherford cross section formula. Experimental
support to the preceding statement was given by Nurzynski
(Nu 69) in the measurement of the elastic scattering
differential cross sections in the ^Mg (a,a)^Mg reaction
at angles 45° (lab) and 65° (lab) for incident alpha
energies between 4.0 MeV and 6.0 MeV. It was found that
the a/a ratio was constant within experimental errors for ±\
incident energies 4.0 MeV < E < 6.0 MeV and for angles <
50° (lab).
From the measured cross sections for 6 < 50° the 
thickness of the thin silicon target was calculated directly 
from eq. 3.18 which was modified to the laboratory system 
(i.e. factor J deleted) and from the formula
Z Z 2
o r (9) = ( - — 2-) F (x, 6) ........... (6.1)
The symbols used are
(Ill)
Z and Z : the atomic numbers of the target nucleus 
and alpha particle respectively,
E : the incident energy of the alpha particle 
(in MeV in the laboratory system),
F(x,e) : the conversion function defined and 
tabulated in ref. (Nu 66) and 
x : the ratio of the alpha mass to the target 
mass.
The areas of the detector slits involved were obtained by 
measuring their dimensions using a travelling microscope 
(see chapter 3).
The thickness of the target was found to be 
2(42.23il.34) yg/cm . The quoted error included the 
statistical error of Y (~2%), error in fi (-1.0%) and error 
in C (=1.0%).
6.2.1c Experimental arrangement and result
The experimental techniques and data reduction 
procedure were described in chapter 3. The angular 
distributions were measured for energies between 7.0 MeV 
and 11.0 MeV in steps of 1.0 MeV, and for angles between 
15° and 145° (lab) in 5° intervals. The angular
distributions of the ratio of the measured cross sections 
a(0) to the corresponding Rutherford cross sections
(112)
o (6) are shown in fig. 6.1. The numerical values of the 
data points are listed in appendix C. The errors 
considered were due to statistics, background subtractions 
and the errors involved in the measurement of the target 
thickness t, the solid angle ft and the collected charge C. 
The absolute error of the cross sections was estimated to 
be ±10%.
6.2.2 Tensor polarization
6.2.2a Target preparation
Due to the very brittle nature of silicon, the
thick target used for the tensor polarization measurement
was prepared in the following manner. The surface of one
side of a circular silicon disk of diameter ~7/8 ins and
thickness =1/16 ins was smoothed by grinding it with fine
grained A^O^ powder (grade 500) on a smooth piece of glass.
Kerosene was used to wet the powder. A glass slide located
on top of a hot plate was then heated and after the
temperature had reached approximately 80°(centigrade) a
*'Lakeside 70 thermal glue' was evenly spread on the glass 
slide. Next, after cleaning in alcohol, the smooth side
Manufactured by Hugh Courtright and Co., Chicago, 111., 
U.S.A.
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of the disk was firmly attached to the glass slide by means 
of the thermal glue while the glass slide was still on the 
hot plate. To make the surfaces of the slide and the 
disk parallel to each other, the disk was pressed firmly 
against the glass slide while the glue was still in its 
molten state. The glass slide-glue-disk combination was 
then quickly removed from the hot plate, placed on an even 
surface and similar pressure was again applied to the disk 
until the combination cooled down and the glue hardened.
This procedure was necessary to avoid the formation of a 
wedge-shaped finish.
Having completed the above stage, the other side 
of the disk was ground down to get a final thickness of 
approximately 0.001 ins by using a succession of grinding 
powders of decreasing grain size. Once the thickness 
required was attained approximately the combination was 
again heated to melt the glue. The target was pushed, with
extreme care, toward the edge of the glass slide until it 
became free; the target was then immersed in alcohol for 
a few hours until all the adhering glue became dissolved, 
thus leaving the target free of contaminants. Finally the 
target was stored in a dry and clean atmosphere to allow 
complete evaporation of the alcohol.
(114)
This procedure, however, was very long and tedious 
and furthermore the rate of success was low. From the 
twelve disks used at the start only two acceptable targets 
were finally produced.
The thickness of the target was measured very
carefully by means of a Mitutoyo micrometer accurate to
20.0001 ins, and was found to be (5.8510.62) mg/cm or 
(440149) keV for 7.0 MeV deuterons.
6.2.2b Reaction energy and errors
The bombarding energy of the deuterons varied 
from the lowest value of 7.20 MeV to the highest value of 
7.44 MeV with an average of 7.27 MeV. The standard 
deviation AE^ of the bombarding energy was 0.02 MeV.
Using the energy-range table of Williamson and Boujot 
(Wi 66) the reaction energy E^ was estimated for each 
scattering angle. The average value of E^ was found to 
be 7.0 MeV.
The error Ae  ^ in the energy loss of deuterons 
after transversing through half of the effective thickness 
of the target was approximately proportional to the error 
in the target thickness and was estimated to be 0.044 MeV.
(115)
Assuming a 10% error in the energy-range table, the 
corresponding error Ae2 due to the inaccuracy of the 
table was 0.043 MeV. From the above errors the error 
AE^ of the average reaction energy was found to be 0.073 
MeV. The error due to straggling of the beam inside the 
target was insignificant and consequently was neglected.
6.2.2c Experimental arrangement and result
The experimental techniques and equipment were 
described in chapter 3. In the present experiment the 
tensor polarization of the elastically scattered deuterons 
was measured for angles between 15° and 90° (lab) in steps 
of 7.5°. Similar to the magnesium case, the measurements 
for angles greater than 90° were not attempted since the 
cross sections were too low. For large angle measurements 
the consistency of runs was checked by dumping the spectra 
after each collection of a specified amount of charge.
Calculations of the first order tensor moments and 
the subsequent corrections due to the finite geometry, the 
effect of the target thickness and possible spurious asymmetry 
arising from relative displacement of the effective centre
3of the He cell were performed according to the method
(116)
given in chapter 3. Background yields were found to be 
less than 10% of the total yields in all cases and the 
corrections to the first order values of the tensor 
moments were generally less than 0.030. The final 
results which include only the statistical errors are 
presented in fig. 6.3 and in table 6.1.
It may be seen that the angular dependences of the 
measured tensor moments in this experiment are essentially 
similar to those found in the preceding chapter. The 
characteristic dip of the <T2]_> component around the 
angle 30° (lab) appears to persist, but with a smaller 
amplitude. Similarly the magnitude of the <T20> ^or 
angles 67.5° < 0 < 90° is smaller than the corresponding 
values in the Mg(d,d)Mg scattering.
6.3 Theoretical analysis
The optical model potential employed in the present 
analysis is the sum of the central part (r) and the spin- 
dependent interaction U (r), which assumes the form
US (r) = s F d-|-rS) + M hD (R) t r ' .....  (6-2)
where h^(R) is the derivative of the Woods-Saxon form factor
Fig.6.3 : The best-fit curves to the tensor polarization 
data from the ^®Si(d,d)^®Si elastic scattering at 7*0 
MeV. The curves in full line were obtained from a 
combination of the central, S.L., and T_ tensor 
potentials; the dashed curves were calculated without 
including the T tensor potential. The optical model 
parameters belong to the set O.M-1.
(117)
of the T tensor potential. Other symbols are as K.
defined in chapter 2. The Coulomb radius r w a s  chosen 
to be 1.25 fm.
Table 6.1
The experimental values of the tensor polarization <T2q>exp 
of deuterons from the 2^Si(d,d)2^Si elastic scattering 
at 7.0 MeV.
0C.M 
(degr.)
<T >20 A<T20> <T2T A<T21> <T^>22 A<t22>
16.06 -0.017 ±0.021 +0.001 ±0.011 +0.039 ±0.014
24.072 -0.030 ±0.017 -0.025 ±0.011 -0.004 ±0.013
32.054 -0.036 ±0.017 -0.037 ±0.014 -0.021 ±0.014
40.002 -0.049 ±0.019 -0.037 ±0.017 -0.022 ±0.017
47.906 + 0.004 ±0.018 +0.005 ±0.017 +0.014 ±0.015
55.761 + 0.047 ±0.016 -0.005 ±0.015 +0.000 ±0.014
63.560 +0.059 ±0.020 -0.030 ±0.016 -0.006 ±0.016
71.298 +0.000 ±0.021 -0.036 ±0.015 -0.031 ±0.017
78.971 -0.017 ±0.024 -0.059 ±0.014 -0.051 ±0.018
86.576 -0.050 ±0.030 -0.122 ±0.015 -0.110 ±0.022
94.112 -0.118 ±0.032 -0.118 ±0.015 -0.191 ±0.023
Axes : z-axis II * X
 
0 K 1•axis = k  ^x k,. o ~d
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6,3.1 Elastic scattering cross sections
Analysis of the differential cross sections was 
carried out in terms of the central potential Uc (r) using 
the automatic search code JIB-3 which did not have a 
provision for including a spin-orbit potential for deuterons. 
Further attempts to improve the fits were made employing 
the optical model program FIDEL (Ro 70a), which was capable 
of performing an automatic search for the optimum 
parameters of the central and the spin-orbit potentials.
Throughout the calculation the 'real' radius r^ 
was kept at the value of 1.05 fm (Sc 68, Ma 66). Three, 
four and five-parameter searches were carried out using 
JIB-3 in order to obtain the best-fit curves for the cross 
sections. Various initial values of the parameters were 
used.
Having found the best-fit parameters for the 
central potential, further attempts to improve the fits 
were made using FIDEL. Searches for the spin-orbit 
parameters, as well as their combinations with those of 
the central potential, did not result in any significant 
improvement.
The best-fit curves to the differential cross sections
(119)
are presented in fig. 6.1 and 6.2. The two sets of the 
central optical potential that give the optimum fits are 
listed in table 6.2.
Table 6.2
Optical model parameters optimizing the fits to the
differential 
scattering.
cross sections in the 28si(d ,d)28Si elastic
E
(MeV)
Set V
(MeV)
rV
(fm)
av
(fm)
W
(MeV)
rW
(fm)
aT7W
(fm)
la 65.5 1.05 0.877 10.6 1.539 0.758
7.0
lb 116.3 1.05 0.811 14.4 1.465 0.739
2a 6 6.3 1.05 1.012 15.7 1.701 0.485
8.0
2b 117.4 1.05 0.912 19.7 1.688 0.463
3a 62.0 1.05 0.970 15.2 1.638 0.555
9.0
3b 112.9 1.05 0.870 19.1 1.615 0.531
4a 65.6 1.05 0.932 18.6 1.565 0.484
10.0
4b 119.0 1.05 0.832 23.5 1.555 0.455
5a 61.8 1.05 0.944 20.0 1.485 0.551
11.0
5b 114.6 1.05 0.833 26.9 1.461 0.512
(120)
6.3.2 Analysis of the cross sections and the tensor
polarization
The general analysis procedure was essentially 
similar to that described in chapter 5. The parameters 
for the spin-orbit and the T tensor potentials were 
optimized successively after the inclusion of the tensor 
polarization data. The quality of fits was judged 
according to the method given in chapter 2.
6.3.2a Optical model fits
The geometrical parameters of the spin-orbit 
interaction were fixed at r = 0.75 fm and a = 0.40 fm.
O  kD
Various combinations of S, M, rD and a_. were used in the 
search for the optimum fits.
The best-fit curves for the tensor polarization and 
the differential cross sections obtained from the two sets 
of potentials (V = 70.3 MeV and V = 116.1 MeV) are 
presented in figs. 6.3, 6.4 and 6.5. The corresponding 
optical model parameters are listed in table 6.3.
In the two figures it may be observed that the 
inclusion of a small and attractive T tensor potential in 
addition to the spin-orbit interaction has resulted in an
(121)
t \\ h
F ' i g . 6 . 4  : The best-fit curves to the tensor polarization 
28  ^®data from the Si(d,d) Si elastic scattering at 7*0 
MIeV. The curves in full line were obtained from a 
combination of the central, S.L., and T potentials; 
the dashed curves were calculated without including 
the T^ tensor potential. The optical model parameters 
belong to the set 0.M-2.
PQ pQ
SKd.do) SI ; E = 7.0MEV
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Fig.6.5 : The best-fit curves to the angular distribu- 
tion from the Si(d,d) Si elastic scattering at 7*0 
MeV. The optical model parameters used were those that 
optimized the fits to the tensor polarization data.
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overall improvement to the fits of the tensor components.
The presence of the T tensor interaction compresses the 
oscillation of the theoretical values of the <T^q> and 
<r^ 22> towarc* smaller angles, thus bringing them closer 
to the data. In particular, the tensor moment <T2 ^> 
appears to have been most strongly affected. However, 
the theoretical vector polarization <iT^> stays 
practically unaltered by the addition of the tensor 
interaction.
The theoretical values of <iT.^> anc^  <T2 i> 1°°^ 
very similar for both deuteron optical model parameter 
sets, O.M-1 and O.M-2. However, the set O.M-1 gives 
better agreement with the overall trend.
6.3.2b Generalized optical model fits
The analysis procedure was similar to that described 
in subsection 5.3.2. In the present case the compound 
nucleus involved can decay by the emission of either a 
neutron, proton, deuteron or an alpha particle. The 
transmission coefficients for the emission of these 
particles were calculated using the optical model potentials 
listed in table 6.4. The masses of the unstable residual 
nuclei were estimated using the table given by Mattauch et al.
(123)
(Ma 65). Only the set with V = 70.3 MeV was considered 
for the deuteron optical potential.
The known energy levels and the level spins and 
parities were taken from Endt and van der Leun (En 66).
For the levels with unknown spin values, assignments were 
estimated according to the Gilbert and Cameron formula.
In cases where the parities were unknown equal probability 
was given to the positive and negative parities.
Table 6.4
Optical model parameters (for particles other than 
deuterons) used in the Hauser-Feshbach calculation.
Part­
icle
V
(MeV)
rv
(fm)
av
(fm)
W
(MeV)
rw
(fm)
anW
(fm)
Ref.
P 51.35 1.25 0.65 9.10 1.25 0.47 (Pe 63)
n 45.14 1.317 0.66 9.15 1.263 0.48 (Ho 67b)
a 101.7 1.80 0.54 6.1 1.80 0.54 (Bo 69)
The initial values of the Hauser-Feshbach compound 
elastic cross sections were calculated using the 
parameters of the deuteron potential corresponding to the 
set la. The resulting cross sections were multiplied
(124)
by a reduction factor R = 0.30 and subtracted from the 
experimental cross sections. Further analysis to get 
the optimum values of the parameters of the deuteron 
potential was the same as that described in subsection
5.3.2.
The radius r and the diffuseness a were kept at
O  O
the values of 0.75 fm and 0.40 fm respectively. The 
parameters S, M, r and aD were optimized in the same 
manner as those in the last subsection. The resulting 
optimum fits are presented in fig. 6.6. The optical 
model parameters used are listed in table 6.5.
It may be observed that the tensor polarization fits, 
essentially similar to those obtained in the last 
subsection, have been achieved. In particular, the three 
fits to the <T2i>' obtained using the sets O.M-1, O.M-2 
and H.F-D, are very similar in the absence of the tensor 
terms.
Similar to the case found in the last subsection, 
the inclusion of a shallow, attractive and long-ranged 
T tensor interaction has improved the fits considerably.
One point that must be remembered is that the 
central parameters may change their values if energy 
averaged cross sections are used. Such changes are
JO*
6L
JO* 60* 90* eo*
&CM
Fig. 6.6 : The best-fit curves to the tensor polarization 
diata from the ^®Si(d,d)^^Si elastic scattering at 7*0 
MeV. The thick curves were obtained from a combination 
of the central, S.L and TR tensor potentials; the fine 
curves were calculated without including the T potential.
X\
The optical model parameters belong to the set H.F.-D 
in table 6.5»
(125)
determined by the variation of the cross sections with 
energy, especially at backward angles. However, from 
the similarity of the theoretical values and trends of 
the tensor polarization obtained from the three different 
sets O.M-1, O.M-2 and H.F-D, it can be expected that the 
parameters for the tensor potential will not be 
significantly affected.
Table 6.5
Generalized optical model parameters optimizing the fits
to the differential cross sections and the tensor
2 8 2 8polarization in the Si(d,d) Si elastic scattering at 
7.0 MeV. The optimized reduction factor R was 0.36.
The parameters belong to the set H.F-D.
Central Potential Spin-orbit T tensor R
V =68.0 MeV; 
W =8.5 MeV S = 25.0 MeV.fm2 M = -0.35 MeV
r = 1.050 fm; 
rT = 1.425 fm rg = 0.75 fm rR = 2.5 fm
a^ = 0.840 fm; 
aT7 = 0.919 fm a„ = 0.40 fm aD = 0.75 fmW S K
(126)
6.4 Conclusion
The experimental angular distributions of the
2 8 2 8differential cross sections obtained from the Si(d,d) Si 
elastic scattering for energies between 7.0 MeV and 11.0 
MeV appear to have been satisfactorily reproduced 
theoretically using the central optical potential alone. 
Inclusion of the spin-orbit interaction did not result 
in any significant improvement.
Analysis of the tensor polarization data indicated 
that combinations of the spin-orbit and the central 
potentials were inadequate to give satisfactory theoretical 
fits to the data. Inclusion of a small and attractive 
T tensor potential resulted in a significant overall
x\
improvement to the tensor polarization fits.
The shallow, long-ranged and attractive nature of 
the T tensor potential found here is in agreement with
I\
the results obtained previously.
C h a p t e r  7
C O N C L U S I O N
(127)
In this work some attempts to study the nature of 
the nuclear interactions present in the deuteron-nucleus 
system have been made through the measurements of the 
differential cross sections of the elastic scattering of 
deuterons by some light nuclei and through the measurements 
of the tensor polarization of the scattered deuterons.
The tensor polarization data presented in chapters 5 and 
6 show similar characteristics which are in agreement 
with the results found by Cords et al.
To interpret the data theoretically, an analysis 
has been performed in terms of a deuteron optical model 
potential and its combination with the Hauser-Feshbach 
statistical theory. No attempt was made to incorporate 
the internal structure (spin and shape) of the target 
nuclei into the optical model calculation.
Detailed discussions and conclusions for each of 
the experiments reported in this work have been presented 
at the end of the relevant chapters. In general it was 
found that the inclusion of an S.L interaction did not 
result in any significant improvement to the fits of the 
differential cross sections. On the other hand, 
combinations of the central and spin-orbit potentials alone 
were inadequate to give a satisfactory reproduction to the
(128)
tensor polarization data.
Addition of a small T tensor coupling, which didR
not appreciably change the predicted cross sections, appeared 
to have resulted in a significant overall improvement to 
the fits of the present data. Of particular interest 
was the fact that the <T2p> tensor moment has been 
reproduced more closely to the experimental result than 
has hitherto been possible. For all form factors 
considered here the T tensor potential has been found 
to be attractive and long-ranged.
The present study has just been another small step 
forward in the effort to study the complicated nature of 
nuclear forces and, in particular, the spin-dependent 
interactions in the deuteron-nucleus systems. More 
experimental data on the tensor polarization, in addition 
to the cross sections and the vector polarization, are 
necessary in order to be able to study these spin- 
dependent forces in greater detail.
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APPENDIX B
The reaction energy in the present tensor 
polarization measurements was calculated from the equation:
Ed £ ( B . 1)
where E^ is the bombarding energy and £ represents the 
energy loss of the deuterons after passage through half of 
the effective thickness of the target. The error AE^ of 
the reaction energy can be expressed as:
(AEd)2 = (AEb )2 + (Ae) 2 (B.2)
where AE, is the standard deviation of E, and A e stands for b b
all possible errors Ae ^ in the energy loss e , i.e.
( A e ) X (Aei)2, i = 1,2, (B.3)
The error Ae  ^due to the uncertainty of the effective 
thickness t of the target may be calculated from the 
relation:
( B . 4)
where At is the error in t. The above relation assumes a
(133)
linear dependence of e on t But
t = t Q / ( C O S  GO)  ,  GO = 6/2 ( B . 5)
where t is the nominal target thickness and go is the o
inclination angle of the unit vector normal to the target 
with respect to the beam direction. Therefore,
,A. v2 .at.2... .2 ^ ,3t.2,A .2(&t) = (— ) (it ) + <^> (a«)
o
so that (— ■) ^  = (-£—) 2 + (tan g o ) ^ ( A g o ) ^
o
In the angular range used here (e < 105°,go < 52.5°) :
tan go <  1 ( B . 7)
Since in all measurements the error A go in the positioning
of the target was estimated to be less than 0.5° (Ago<0.008
2 2rad.) the term (tan g o )  ( A g o )  of eq. B.6 is negligible 
compared to the first term. Hence
A z
(B. 8 )
(134)
APPENDIX C
The numerical values of the experimental differential 
cross sections from the Si (d,d)^Si elastic scattering.
7.0 MeV 8.0 MeV 9.0 MeV 10. MeV 11. MeV
sÜCD ö (6 ) a (0) o(0) a (0) a (0)
(degr.) (mb/sr) (mb/sr) (mb/sr) (mb/sr) (mb/sr)
16.063 10356.63 5296.34 6072.55 4238.90 4414.98
21.405 3246.73 2566.51 2314.48 1909.40 1621.90
26.736 1467.85 1228.52 869.48 855.98 648.31
32.054 671.98 438.54 274.66 267.04 160.02
37.357 323.36 179.68 126.04 95.36 62.24
42.642 161.07 88.77 69.99 71.38 53.12
47.906 105.41 73.58 64.24 63.06 57.83
53.149 85.72 67.86 67.83 58.55 46.17
58.367 78.50 63.00 56.58 42.41 27.88
63.560 64.21 52.63 39.87 27.08 16.46
68.726 50.08 25.10 16.63 10.16
73.863 35.34 25.45 16.24 11.42 8.38
78.971 25.89 10.94 7.29 6.47
84.049 14.98 8.33 9.48 5.42 5.07
89.094 6.39 4.80 6.24 4.37 4.37
94.112 6.24 5.21 6.30 4.87 4.36
99.096 6.50 6.80 5.23 4.18 2.23
104.049 6.75 6.36 3.91 3.70 2.60
108.971 6.48 6.17 4.19 3.45 2.07
113.863 5.70 6.04 4.03 3.45 1.72
118.726 4.37 5.62 3.14 3.13 1.78
123.560 3.86 5.07 3.93 2.22
128.367 3.28 5.53 3.82 2.64
133.149 3.84 4.84 3.88 3.78 2.33
137.906 3.69 4.27 4.07 2.89 2.61
142.641 3.62 4.08 3.77 2.46
147.357 3.14 2.71 2.05 2.18
The absolute error for each data point was estimated to 
be ± 10%.
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